Novel fabrication approaches toward nanostructured functional surfaces : from artificial leaves to block copolymer templates by Park, Sungjune
 Novel Fabrication Approaches toward 
Nanostructured Functional Surfaces: 
From Artificial Leaves to Block Copolymer Templates 
 
 
 
Von der Fakultät für Mathematik, Informatik und 
Naturwissenschaften der RWTH Aachen University zur 
Erlangung des akademischen Grades eines Doktors der 
Naturwissenschaften genehmigte Dissertation 
 
 
vorgelegt von 
Master of Engineering 
Sungjune Park 
aus Daejeon / Republik Korea 
 
 
Berichter: Prof. Dr. Alexander Böker 
         Priv. Doz. Dr. Larisa Tsarkova  
 
Tag der mündlichen Prüfung: 18. April 2013 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek 
online verfügbar. 
Die vorliegende Arbeit wurde in der Zeit von Dezember 2009 bis Januar 2013 am 
Lehrstuhlfür Makromolekulare Materialen und Oberflächen der RWTH Aachen und der DWI 
an der RWTH Aachen in der Arbeitsgruppevon Herrn Prof. Dr. Alexander Böker angefertigt. 
  
V 
Table of Contents 
 
Summary / Zusammenfassung        1 
I Introduction          7 
I.1 Physical Contact Based Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
I.1.1 Replica Molding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
I.1.2 Nanoimprint Lithography. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
I.1.3 Biomimetic Systems via a Molding. . . . . . . . . . . . . . . . . . . . . . . . . .  14 
I.2 Non-Lithographic Processes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 
I.2.1 Wrinkling Process using Surface Instabilities . . . . . . . . . . . . . . . . .  18 
I.2.2 Self-Assembly of Block Copolymers in Thin Films . . . . . . . . . . . . 25 
I.3 Objective of this Thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34 
II Experimental          35  
II.1 SiCN ceramic precursor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  
 II.2 Block Copolymers and Thin Films preparation. . . . . . . . . . . . . . . . . . . . . . . . 35 
 II.3 Characterization by Microscopic Techniques. . . . . . . . . . . . . . . . . . . . . . . . .  37 
II.3.1 Atomic Force Microscopy (AFM) . . . . . . . . . . . . . . . . . . . . . . . . . . 37 
II.3.2 Scanning Electron Microscopy (SEM) . . . . . . . . . . . . . . . . . . . . . . . 39 
Table of Contents 
 
VI 
II.3.3 Transmission Electron Microscopy (TEM) . . . . . . . . . . . . . . . . . . .  41 
III Artificial Leaves via Reproduction of Hierarchical Structures by a Fast Molding and 
Curing Process          43 
III.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 
 III.2 Fabrication and Characterization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44 
 III.3 Results and Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 
 III.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 
IV Ceramic Nanowrinkles via a Facile Replication Process    55 
IV.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 
 IV.2 Experimental. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  56 
 IV.3 Results and Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  58 
 IV.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 
V Guiding Block Copolymer into Sequenced Patterns via Inverted Terrace Formation 63 
V.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 
V.2 Results and Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66 
V.2.1 Phase Behavior on Strongly-Interacting Corrugated Substrates.  71 
V.2.2 Phase Behavior on Weakly-Interacting Corrugated Substrates. .  77 
Table of Contents 
 
VII 
V.2.3 Guided Terrace Formation in Thin Films on Substrates with Gradient of 
           the Corrugations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81  
V.3 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 
VI Ordering of Block Copolymer Cylindrical Domains on Corrugated Substrates. . . . 85 
VI.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 
 VI.2 Results and Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87 
 VI.3 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 
VII Functional Templates via Self-Assembly of an ABC Triblock Terpolymer in Thin 
Film                       97 
VII.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 
 VII.2 Results and Discussions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99 
 VII.3 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  107 
VIII Bibliography          109 
IX Abbreviations          121 
 
 
1 
Summary 
 
This thesis describes novel approaches for fabrication of nanostructured functional surfaces: a 
fast molding and curing for reproduction of artificial leaves, facile replication for ceramic 
nanostructures, one-step self-assembly for sequenced patterns and functional templates of 
block copolymer. 
 
In a first approach, a simple and fast two-step molding process has been demonstrated the 
successful replication of hierarchical structures on a native leaf surface. Perfluoropolyether 
(PFPE) negative structures were generated through a fast UV curing to avoid shrinkage of the 
cells due to loss of water. Subsequently, hierarchical artificial leaf surface structures were 
produced with high fidelity by UV- and thermal-curing of a ceramic precursor polymer, 
polyvinylsilazane (PVSZ, SiCN ceramic precursor), mold. The replicated surfaces showed a 
static water contact angle similar to the native leaves. 
 
Through a molding and curing method involving no lithographic or mechanical machining 
process, regularly wrinkled ceramic nanostructures could also be achieved. Wrinkled 
polydimethylsiloxane (PDMS) stamps, generated in a lithography-free way, were used as 
masters for structure replication onto PVSZ films. The replicated PVSZ wrinkles were 
fabricated via a molding followed by photopolymerization using a wrinkled PDMS master. 
The PVSZ replica was converted to a silicon carbonitride (SiCN) ceramic material by 
pyrolysis at 800 °C in a nitrogen atmosphere. Additionally, the delamination and deformation 
of the ceramic structures induced by anisotropic shrinkage during the pyrolysis step were 
easily controlled by dilution of the pre-ceramic polymer. 
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Corrugated SiCN ceramic substrates fabricated by a facile replication process using 
nonlithographic PDMS masters were employed for the directed assembly of block copolymer 
microdomains. Homogeneous block copolymer films have been floated onto to the corrugated 
substrate without significant changes to the corrugation topography. During thermal annealing 
of a polystyrene-b-polybutadiene (PS-b-PB) diblock copolymer, the material transport was 
guided by a wrinkled substrate to form regular modulations in the film thickness. As a 
consequence of the thickness-dependent morphological behavior of cylinder forming block 
copolymer, the material was guided into sequenced patterns of alternating cylinder (C∥), 
perforated lamella (PL), and lamella (L) phases which follow the topography of the substrate. 
The ordering process is attributed to the formation of inverted terraces which match the 
substrate topography, so that the resulting surface patterns are free from the surface relief 
structures within macroscopically large areas. 
 
Morphological behavior in thin films of a cylinder-forming PS-b-PB diblock copolymer 
affected by film preparations and annealing conditions onto corrugated substrates has been 
studied. While a uniform film thickness prepared onto a corrugated surface leads to 
reproducible sequencing of morphologies during thermal annealing, poorly ordered 
sequencing with a high density of topographical defects was generated in polymer film 
starting with a non-uniform thickness. The ordering process attributed to the formation of 
inverted terraces is affected by volume of materials transport into grooves. A high degree of 
long-range ordering of the microphase separated structures was achieved on a planar substrate 
via enhanced mobility induced by controlled solvent annealing. However, the effect of 
substrate corrugations on the sequencing of patterns and thickness-dependent morphological 
behavior was screened by interactions of the solvent with the substrate. 
 
Summary 
 
3 
Finally, terrace formation and morphological behavior in thin films of a polybutadiene-block-
poly(2-vinyl pyridine)-block-poly(tert-butyl methacrylate) (BVT) terblock polymer have been 
studied. During solvent annealing in a well-controlled atmosphere of THF vapor, the smooth 
BVT film develops into two distinct terraces. Cylinders parallel to the film plane (C‖)are 
found in thinner terraces and featureless areas which are characteristic of the lying lamella 
(L‖) phase or disordered structures are found in thicker terraces. From further insight into 
microdomain structures, functionally generated core-shell cylinders and perforated lamellae 
(PL) are revealed under a cover layer in thinner and thicker terraces, respectively.  
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 Zusammenfassung 
 
Die vorliegende These befasst sich mit neuartigen Ansätzen zur Herstellung funktioneller 
nanostrukturierter Oberflächen: ein schnelles Prägungs- und Härtungs-Verfahren zur 
Reproduktion künstlicher Blätter, simple Replikation keramischer Nanostrukturen, einstufige 
Selbstorganisation sequenzierter Strukturen und funktionale Template bestehend aus 
Blockcopolymeren. 
 
In einem ersten Schritt wurde ein simpler und zügiger zwei-Stufen Prozess vorgestellt anhand 
dessen die Nachbildung hierarchischer Strukturen auf ursprünglichen Blattoberflächen 
erfolgreich durchgeführt werden konnte. Perfluoropolyether Negative wurden durch rasche 
UV-Aushärtung generiert um Zell-Schrumpfung durch Wasserverlust zu verhindern. 
Anschließend wurden die künstlich geschaffenen Strukturen der Blattoberflächen mit hoher 
Reproduzierbarkeit durch UV-Härtung sowie thermischer Härtung von Polyvinylsilazan, 
(PVSZ, SiCNPrecursorkeramiken) einem Vorläufer-Polymer gefertigt. Auf den replizierten 
Oberflächen zeigt Wasser einen statischen Kontaktwinkel gleich den ursprünglichen Blättern.  
 
Durch ein Prägungs- und Härtungsverfahren welches keine mechanische bzw. lithographische 
Bearbeitung beinhaltet, konnten auch regelmäßige keramische Faltenstrukturen im 
nanometer-Bereich erzeugt werden. Stempel bestehend aus PDMS-Faltenstrukturen nicht-
lithographischer Machart wurden zur Strukturreplikation auf PVSZ-Filmen benutzt. Die 
replizierten PVSZ Faltenstrukturen wurden mittels eines Prägungsprozesses und 
anschließender Fotopolymerisation hergestellt. Durch Pyrolyse bei 800°C in einer 
Stickstoffatmosphäre wurden die PVSZ-Replikate zu keramischem Siliziumcarbonitrid 
(SiCN) umgewandelt. Zusätzlich wurde die Delaminierung und Verformung der keramischen 
Zusammenfassung 
 
5 
Strukturen welche durch anisotropes Schrumpfen während der Pyrolyse entstand durch 
Verdünnung des Prekursor-Polymers gesteuert.  
 
Die durch einen simplen Replikationsprozess erzeugten Wellenförmigen SiCN 
Keramiksubstrate werden als nicht-lithographische PDMS-Stempel benutzt um gerichtete 
Selbstanordnung von Blockcopolymeren zu erreichen. Homogene Blockcopolymer-Filme 
wurden auf die wellenförmigen Substrate aufgebracht ohne deren Topographie in 
signifikanter Weise verändert zu haben.  
Während des Temperns eines Polystyrol-block-polybutadien (PS-b-PB) Diblockcopolymer, 
wurde der Materialtransport durch ein Faltenstrukturiertes Substrat gelenkt, um regelmäßige 
Filmschichtstärken zu modulieren. Infolge der Schichtdicken-abhängigen Morphologie 
Zylinder-bildender Blockcopolymere, ordnen sich die Domänen abwechselnd in zylindrischen, 
perforiert lamellaren, und lamellaren Phasen an, werden also durch die Substrattopographie 
diktiert. Der Anordnungsprozess ist der Ausbildung sogenannter invertierter Terrassen 
zuzuschreiben welche mit der Substrattopographie übereinstimmen. Folglich sind die 
resultierenden Oberflächenmuster auf makroskopischer Ebene frei von Reliefstrukturen.  
 
Das morphologische Verhalten dünner Filme Zylinder-bildender PS-b-PB Diblockcopolymere 
auf faltenstrukturierten Substraten welches durch die Film-Herstellung und Temper-
Bedingungen beeinflusst wird, wurde bereits erforscht. Während einheitliche Schichtdicken 
auf gewellten Substraten beim Tempern reproduzierbare sequenzierte Morphologien liefern, 
werden in Polymerfilmen uneinheitlicher Schichtdicken viele topographische Defekte und nur 
geringfügig geordnete morphologische Phasen beobachtet.  
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Der durch Terrassenbildung induzierte Anordnungs-Prozess ist vom Volumentransport des 
Materials durch die Furchen (in den Faltenstrukturen) abhängig. Die verbesserte Mobilität 
generiert durch kontrollierte Lösungsmitteldampf-Behandlung ermöglicht einen hohen Grad 
an langreichweitiger Ordnung der Phasenseparierten Strukturen auf planen Substraten. Der 
Effekt der Faltenstrukturen des Substrates auf die Strukturabfolge sowie das Schichtdicken-
abhängige morphologische Verhalten wurden anhand der Wechselwirkungen zwischen 
Lösungsmittel und Substrat ermittelt.  
 
Abschließend wurden Terrassenbildung und morphologische Entwicklung in dünnen Filmen 
aus einem Polybutadien-block-poly(2-vinylpyridin)-block-poly(tert-butylmethacrylat) (BVT) 
Triblockcopolymer studiert. Während der Lösemitteldampf-Behandlung in einer THF-
Atmosphäre kontrollierter Zusammensetzung, bilden sich aus den ebenen BVT-Filmen zwei 
unterschiedliche Formen von Terrassen aus. In dünnen Terrassen findet man parallele 
Zylinder (C║) welche parallel zur Substratoberfläche orientiert sind. Strukturlose Areale 
findet man hingegen in dickeren Schichten und sind charakteristisch für liegende Lamellen 
(L║)  und ungeordnete Strukturen. Bei tiefergehender Analyse der Mikrodomänen-Struktur 
zeigen sich unterhalb einer Deckschicht in dünnen Terrassen (funktionelle) Kern-Schale 
Zylinder und in dickeren Terrassen perforierte Lamellen. 
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I  Introduction  
A variety of fabrication techniques has been extensively developed to create micro-
/nanostructured functional surfaces in many fields of modern technologies, such as 
electronics,1,2 magnetic devices3,4 and biological applications.5,6 Critical issues, such as 
precise patternablity or sub-mitcrometre resolution at reduced cost and reliability, are 
important considerations for technological applications. In current fabrication processes, 
conventional photolithography-based “top-down” methods are widely utilized and 
optimized. While the conventional lithography procedures afford the fabrication of fine 
functional structures, it is challenging to perform them at high throughput and low cost. 
In this introduction, a brief overview will be given for several topics related to the 
concept of unconventional nanofabrication strategies with relevance to the content of this 
thesis. 
 
I.1 Physical Contact based Methods 
I.1.1 Replica Molding 
A physical contact based method offers promising opportunity to fabricate structures 
with high resolution as a high-throughput and a low-cost since the fine features are easily 
created by a physical contact between a mold with UV-curable resins and thermoplastic 
polymers.7-12 The molds are directly replicated from a hard master template which is 
typically fabricated by conventional lithographic techniques. Since Whiteside’s group 
firstly developed “soft lithography” i.e. an elastomeric rubber stamp with patterned 
topographies to replicate the structures,13 these techniques have further spawned a large 
number of related methods including solvent-assisted molding,14 microtransfer molding,15 
micromolding in capillaries,16 or microcontact printing.17,18 
I  Introduction 
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Figure I.1: Schematic illustration showing the procedure for a replica mold (a) and three-
dimensional atomic force microscopy (AFM) images of (top) Cr master, (middle) PDMS negative 
and (bottom) PU positive replica (b).19 
 
Figure I.1a schematically illustrates the procedure of mold replication by casting the 
negative master using a soft organic polymer, polydimethylsiloxane (PDMS). The soft 
polymer mold is subsequently used for a next replication process (Figure I.1b). While 
PDMS is widely used for molding systems, it is limited to replication of sub-100 nm 
patterns due to a low young’s modulus and a tense modulus.18  
A patterned master typically has a high density of nanopatterns, resulting in a strong 
adhesion between mold material and master. Thus, a low surface energy coating is 
applied to the mold to reduce its surface energy. The most widely used method is 
formation of a self-assembled monolayer of a fluorosilane release agent (e.g., 1H, 1H, 
2H, 2H-perfluorodecyl-trichlorosilane) on the mold surface.20 Jung et al. demonstrated 
that the vapor phase process, using a fluorosilane release agent, is effective to form anti-
I.1 Physical Contact Based Methods 
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adhesion layers because the vapor is more effective than the solution in penetrating into 
the nanoscaled gaps of the mold.21  
 
 
Figure I.2: AFM images and the corresponding height profiles of a PFPE replica (a) and a PDMS 
replica (b) from the silicon master with lines of 140 nm width separated by 70 nm.22  
 
Rolland et al. used a fluorinated perfluoropolyether (PFPE), which is elastomeric and 
resistant to organic solvents, as a mold material to obtain a polymeric mold with features 
on the order of 70 nm.22 As shown in Figure I.2a, a PFPE-based elastomeric mold with 
high fidelity was replicated from a patterned silicon wafer master with features having a 
width of 140 nm, a depth of approximately 50 nm, and a separation of 70 nm. On the 
other hand, a PDMS-based mold from the same silicon master exhibits irregular and 
rounded features with 5 - 10 nm in height (Figure I.2b). This difference is presumably due 
to slight relaxation of the polymeric material upon release of its confinement from the 
patterned silicon master. The separated mold could be used to pattern the desirable 
organic-soluble materials because of the intrinsically oleophobic nature of such highly 
fluorinated materials. 
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Using such soft replicas, nanostructured features derived from organic polymers are 
easily achieved by a conformal contact system, however, the products cannot maintain 
their intrinsic properties due to the lack of chemical, thermal and mechanical stabilities. 
Therefore, polysilazane-based SiC ceramic precursors have been proposed as alternative 
materials for the development of novel devices and patterns. An effort for obtaining small 
SiC-based ceramic structures on the nanoscale using liquid ceramic precursors has been 
shown by Lee et al.23 Two kinds of materials with low viscosities were used in their work 
(Figure I.3). They employed a replication technique through a modified micromolding in 
capillary (MIMIC) process using a CD and DVD as economically available nanoscale 
masters. The replicated PDMS stamp was filled with ceramic precursors via capillary 
forces, followed by UV-/ or thermal curing and pyrolysis at high temperature. Figure I.4 
shows atomic force microscopy (AFM) and scanning force microscopy (SEM) images of 
the original CD master and replicated SiC-based ceramic line patterns. This result is a 
promising indication that ceramic nanostructured patterns could be achieved by a simple 
replica molding technique.  
 
 
Figure I.3: Polymeric structures of the polysilazane-based liquid ceramic precursors. (a) 
allylhydridopolycarbosilane (AHPCS, SiC ceramic precursor), (b) polyvinylsilazane (PVSZ, 
SiCN ceramic precursor).24  
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Figure I.4: AFM images with corresponding height profile (a, b, c) and SEM image (d): (a) CD 
master, (b) PDMS stamp replicated from (a), (c) patterned ceramic precursor and (d) SiCN 
ceramic patterns after pyrolysis at 800 °C under a nitrogen atmosphere.23 
 
I.1.2 Nanoimprint Lithography 
Nanoimprint lithography (NIL) is one of the unconventional lithographic methods to 
create precise polymer nanopatterns and functional devices through a transfer of 
topographic patterns from a mold onto a polymer layer by using photons and 
electrons.25,26 NIL process is typically divided into two categories depending on type of 
the resist polymers, thermal-NIL and UV-NIL. As shown in Figure I.5a, a mold with 
nanopatterned surface is pressed into the polymer layer (resist), subsequently, UV or heat 
with pressure is applied and then thin residual layer is removed by a reactive ion etching 
(RIE). Figure I.5b and c shows an example of master with a patterned pillar array 
I  Introduction 
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(diameter 10 nm) and an imprinted holes array in a polymethylmethacrylate (PMMA) 
layer, respectively.  
 
Figure I.5: (a) Schematic procedure of NIL process, (b) SEM image of a mold with a patterned 
pillar array and (c) an imprinted holes array in PMMA layer using such a mold (b).27  
 
In the thermal-NIL process, the viscosity of thermoplastic polymer is significantly 
reduced by increasing temperature above the glass transition temperature (Tg) and an 
applied pressure induces flow of the polymer melt into the cavities of the mold. After 
cooling temperature to below Tg and separation of the mold, imprinted nanopatterns are 
revealed. However, the high temperatures (typically well above 100°C) and the pressures 
of 50 MPa required for thermal-NIL often limit its practical applications. Hence, an 
alternative technique was developed by using UV-curable resin (UV-NIL). After the mold 
is pressed onto the material spin-coated on a substrate, the polymer is infiltrated into the 
cavities of the mold. Subsequently, UV irradiation causes hardening of the patterned 
polymer yielding the patterns after mold separation.  
Since the NIL process is based on the mechanical molding of the polymer, there are 
several considerations for selecting the mold material, e.g. easy release and hardness for 
repetitive imprinting even under harsh conditions. The molds are typically replicated 
I.1 Physical Contact Based Methods 
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using inexpensive materials because direct use of quartz and silica masters, fabricated by 
time-consuming and complicated processes, causes damage of patterns and contamination 
during the contacting process. Recently, Park et al. developed a transparent and non-
sticky silicate replica mold with a high mechanical strength and excellent releasing 
property through a simple phase conversion process of a SiCN ceramic precursor (PVSZ) 
for NIL applications.28 Cured ceramic precursor nanopatterns, replicated from a master 
via a photopolymerization, were further thermally cured. Subsequently, the PVSZ replica 
with hydrolyzable Si–H groups and a Si–N–Si backbone could be converted into a silicate 
phase by a controlled hydrolysis treatment under mild conditions. With the replica molds, 
NIL was performed to replicate the nanostructures. As shown in Figure I.6a, the line 
patterns with a height of 105 nm and a width of 500 nm from a 100 nm thick resist were 
replicated by a UV-NIL using a ceramic precursor derived silicate replica mold. In 
addition, the ceramic precursor material used in this work was also used as a UV-NIL 
resist to replicate the structures with 30 nm line patterns (Figure I.6b). An extremely low 
adhesion of the silicate mold against resists (Figure I.6c) indicates that organic moieties in 
the silicate phase play an important role for the low adhesion properties. 
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Figure I.6: Schematic illustration of the UV-NIL process, and the corresponding AFM/SEM 
images of replicated patterns by PVSZ derived silicate molds from (a) DVD master with 
AMONIL resist and (b) Si master (30 nm line pattern) with PVSZ resist. (c) A comparative 
adhesion force between various molds and resin (AMONIL) on the 10 repetition UV-NIL 
process.28  
 
I.1.3 Biomimetic Systems via a Molding 
Superhydrophobic surfaces are highly interesting for applications in self-cleaning 
windows, construction materials and textiles owing to their self-cleaning property 
induced by an extremely high contact angle and a low contact angle hysteresis.29 
Biological leaf surfaces have demonstrated their extraordinary wetting behavior due to 
presence of hierarchical structures with multiscale roughness, consisting of nanosized 
crystals on the upper side of microsized cell.29-32  Model surfaces with self-cleaning 
properties are lotus leaves (termed as the lotus effect).33,34 The basis of surface science on 
water repellency of the lotus leaf was firstly understood and examined in 1997 by 
Barthlott and Neinhuis.30 As shown in Figure I.7, the lotus leaf has hierarchical surface 
structures built from randomly oriented small hydrophobic wax crystals with 0.3 to 1.1 
µm in length and 0.1 to 0.2 µm in diameter on the top of the convex cell.35  
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Figure I.7: SEM images showing the lotus leaf (Nelumbo nucifera) surface consisting of their 
microstructures formed by cells covered with randomly distributed nanocrystal waxes on 
surface.35  
 
Basically, surface wettability is divided into four classes defined by its contact angle 
(CA): superhydrophobic, hydrophobic, hydrophilic and superhydrophilic (Figure I.8a). 
The influence of surface roughness on the wetting behavior is described by Wenzel36 and 
Cassie model.37 Hydrophobicity is enhanced by an increase of surface roughness.36 
Droplets may be in the homogeneous wetting regime, where the liquid penetrates into the 
grooves of a rough surface, on the other hand, they may be in a heterogeneous wetting 
state, where air is captured in the grooves under the liquid.37 On the surface of lotus leaf 
with high CA above 150 °, water droplets cannot be completely moved into the grooves, 
i.e. air pockets exist between the water and the surface, which cause the droplet to roll 
across, picking up dirt and carrying it away (Figure I.8b).33  
The lotus effect has been the inspiration for the development of artificial self-cleaning 
biomimetic materials. Several attempts based on lithographic processes,38,39 colloidal 
systems40 and electro-depositions,41 have been devised. Lithographic processes afford the 
development of geometric surface features, however, they constitute time-consuming and 
complex procedures with expensive equipment. Colloidal systems and electro-deposition 
were not able to fully realize the hierarchy on the native leaf surface. A widely used 
simple technique is a two-step molding method through direct use of a native leaf as a 
I  Introduction 
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master template.42,43 In this method, a kind of soft and deformable material is used to cast 
the structures of the native leaf surface. The native replica, produced after hardening and 
separation of the master leaf, is subsequently used to produce a positive replica of the leaf 
surface. As shown in Figure I.9, Sun et al. used a polydimethylsiloxane (PDMS) for 
casting to replicate a lotus leaf.42 Firstly, a PDMS negative replica was produced after 
casting a fresh lotus leaf and then it was used for a second replication in the same manner 
as the first process. All replication steps were performed at high temperature for a long 
time in order to fully cure the PDMS material and vacuum system required for a perfect 
filling of the PDMS into the cavities of the leaf surface. However, these process 
conditions led to shrinking of the cells and the soft wax crystals could collapse or were 
destroyed (Figure I.9a). Similarly, Singh et al. fabricated a PMMA replica of the lotus 
leaf, however, shrinkage in cell topography was observed in the replicated surfaces, and 
the three-dimensionally nanostructured wax crystals were not replicated (Figure I.9b).43 
 
 
Figure I.8: (a) Four different classes of surface wettability with characteristic static contact 
angles.34 (b) Schematically illustrated self-cleaning effect on superhydrophobic surface.33  
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Figure I.9: SEM images of artificial lotus leaf obtained from a two-step molding method using a 
PDMS negative replica: (a) a PDMS leaf42 and (b) a PMMA leaf.43 
 
As shown in Figure I.10a, microstructures were obtained by a fast two-step molding 
process. On such a microstructured replica surface, desired nanostructured wax crystals 
were randomly distributed by additional thermal evaporation of waxes as shown in Figure 
I.10b. The recrystallized lotus wax shows tubular hollow structures with random 
orientation on the surfaces. Their shapes and sizes show only few variations. The tubular 
diameter varied between 100 and 150 nm, and their length varied between 1.5 and 2 µm. 
From this approach, the hierarchical structures were successfully realized, however, to 
form the wax crystals, additional thermal evaporation of wax had to be applied. 
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Figure I.10: SEM images taken at 45° tilt angle (three magnifications) of (a) microstructures in 
lotus replica and (b) hierarchical structure using lotus replica.35  
 
I.2 Non-Lithographic Processes 
I.2.1 Wrinkling Process using Surface Instabilities 
Pattern transfer via physical contact based replica molding is a widely used method for 
creating fine features as described. While well-developed replica molding techniques 
have many advantages, they require stamps replicated from masters, which are usually 
fabricated by conventional lithographic processes. Thus, various research groups have 
developed buckling instabilities with non-lithographic techniques for preparation of 
nanostructured wrinkled surfaces using an elastomeric soft material.44-46 Bowden et al. 
presented buckling phenomena used by a strain-induced elastic buckling instability in a 
metal-coated or a plasma-treated PDMS material.47,48 A key principle of wrinkle 
formation is to utilize the mechanical mismatch of a thin rigid layer on top of an 
elastomeric material and the elastic material itself when a compressive stress is applied.49 
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The uniaxial compression of this bilayer results in sinusoidal buckling with various 
wrinkle dimensions (wavelength (A) and amplitude (λ)). 50-55 
 
       
 (1) 
       
 (2) 
 
where Ē = E/(1-v2) is the plane-strain modulus, hf is the top film thickness, E is the 
Young’s modulus of substrate (Es) and thin film layer (Ef) and v is the Poisson’s ratio (εC). 
ε is the compressive strain applied to the bilayer. The amplitude depends on the strain.53,54 
The amplitude and wavelength is directly proportional to the thickness of top layer film 
hf. 
 
         
 (3) 
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Figure I.11: (a) Schematic procedure of the wrinkling process using a PDMS substrate through 
oxidation treatments.55 (b) Representative optical micrograph of wrinkled patterns.47  
 
 
 
Figure I.12: Various surface patterns generated by single (a, b) and multi-axial strain fields (c) 
and associated schematic procedure. (a) Line patterns, (b) Isotropic and chevron topologies and 
(c) A checkerboard pattern consisting of peaks and saddles. Scale bars are 20 µm.55  
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Figure I.11 shows a schematic procedure of the wrinkling process (a) and the 
representative wrinkled patterns on a PDMS surface (b). Regularly wrinkled topographies 
can be obtained by generating a surface instability induced by an oxidation under strain. 
Furthermore, the shape and complexity of wrinkling is not limited to lines and depends 
directly on the strain fields used to generate the local compression of the supported layer 
after plasma oxidation. Complex hierarchical patterns beyond lines, chevron and other 
isotopic topographies are developed by a simple multiple strain–exposure.55 Figure I.12 
displays the strain field associated to each pattern and the schematic procedure. While 
line patterns are generated by a single exposure (Figure I.12a), isotropic and chevron (or 
herringbone) topographies (Figure I.12b) are observed through two successive uniaxial 
oxidation patterning steps (Figure I.12c). 
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Figure I.13: Modulus measurements of a thickness gradient film of PS. (a) Optical micrograph of 
a PS thickness gradient on a silicon wafer (140 nm to 280 nm). Gray scale insets show optical 
micrographs of the film after transfer to PDMS and application of strain to induce buckling. The 
doubling of the film thickness from left to right results in a doubling of the buckling period. (b) 
Modulus versus thickness for a flow-coated thickness gradient sample.45  
 
In recent years, a variety of interesting applications by using highly ordered wrinkled 
patterns has been shown. Stafford et al. have firstly demonstrated a metrology to calculate 
a young’s modulus of the thin film by applying well established buckling mechanics.45 
Polystyrene (PS) thin films with thickness gradients were transferred to a PDMS substrate 
and then subjected to uniaxial compressive forces. As shown in Figure I.13a, the different 
colors are observed in optical micrography of a PS film with gradient in thickness 
because of light diffraction at different wavelengths and the corresponding optical 
micrographs of the wrinkled patterns. While the wrinkle’s wavelength is linearly 
increased with film thickness, the young’s modulus of the PS film is constant over this 
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range of film thickness (140 ~ 280 nm). This methodology is versatile and 
straightforward to determine properties of the thin films, thus, the scope has been further 
inspired towards many diverse materials.56-58  
In addition, the non-lithographic wrinkling process could also be used for fabrication of 
nano-/microfluidic devices. Huh et al. used cracks with dimensions approximately 700 
nm wide and 80 nm high formed by a stretching PDMS after oxidation in order to 
manipulate nanometer-sized DNA molecules and quantum dots.59 This concept has been 
extended to a novel way of fabrications of microfluidic devices integrated in wrinkled 
nanochannels. Chung et al. have developed microfluidic devices integrated with wrinkled 
nanochannel arrays.60 The wrinkles generated on a bare PDMS substrate or those with 
microfluidic patterns were covered by another substrate to form integrated systems with a 
combination of wrinkled nanochannels and microfluidic channels. The wrinkled 
nanochannels are formed between two microchannels (50 µm wide and 20 µm deep) and 
all channels are filled with a protein in phosphate buffer in order to concentrate the 
protein in a microfluidic device.  
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Figure I.14: (a) SEM image of tobacco mosaic virus (TMV) printed on a silicon wafer using a 
wrinkled template with 285 ± 7 nm of wavelength.64 (b, c) AFM images of patterned microgels 
(N-vinylcaprolactam/acetoacetoxyethyl methacrylate (VCL/AAEM) and N-
isopropylacrylamide/N-vinylcaprolactam (NiPAAm/VCL)) on a silicon wafer using a wrinkled 
substrate with 850 nm and 750 nm of wavelength (λ), respectively.62  
 
A direct pattern transfer of alignment of TMV46 and arrays of nanoparticles61 from a 
wrinkled stamp to a solid substrate could be achieved yielding highly ordered patterns.62-
64
 For alignment of TMV and microgels, Horn64 et al. and Hiltl61 et al. used an intaglio 
printing (IntP) process which is conceptionally similar to conventional microcontact 
printing (µCP). However, a wrinkled pattern is used as a stamp to transfer the pre-aligned 
materials (TMVs or microgels) from the grooves of the relief structure and not on the top 
by spin-coating onto a planar substrate.65,66 Figure I.14 shows the SEM and AFM images 
of printed virus and microgels (VCL/AAEM and NiPAAm/VCL) on a silicon wafer using 
a stamp with wrinkled patterns. For successful alignment, it is important to match 
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between feature sizes of the wrinkled templates and dimensions of the particles. As seen 
in Figure I.14a, some defects along the TMV strings are found predominantly caused by 
inappropriately aligned TMVs disturbing the pattern transfer. However, on a small area 
(inset of Figure I.14a) well aligned TMV-stripes are observed using templates proving the 
spacing for the TMV alignment. In case of microgel particles (NiPAAm/VCL and 
VCL/AAEM), regularly well ordered strings were achieved using wrinkles with 850 nm 
and 750 nm of wavelength (λ), respectively (Figure I.14b). 
 
I.2.2 Self-Assembly of Block Copolymers in Thin Films 
Block copolymers are composed of two or more chemically distinct repeating monomer 
fragments covalently bonded together to form a variety of ordered structures including 
cylinders, spheres, lamellae and even more complex structures.67 In bulk, microdomain 
structures are mainly determined by the molecular architecture in particular the relative 
block ratio and the interaction between the components.  For example, diblock 
copolymers form ordered lamellae structures when they have both blocks with 
comparable volume. As one block becomes longer than the other, the interface begins to 
curve to maintain approximately equal stretching of the dissimilar blocks, and the 
morphology transitions to bicontinuous gyroidal, then hexagonally-packed cylindrical, 
and finally body-centered-cubic (bcc) packed spherical morphologies as the asymmetry 
increases (Figure I.15a,b). 
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Figure I.15: (a) Theoretical and (b) representative experimental phase diagram for linear AB 
diblock copolymers as a function of the volume fraction of A block (fA). Along the bottom of the 
figure are representations of four different equilibrium morphologies: S = body-centered-cubic 
spheres, C = cylinders, G = gyroid, and L = lamellae. Other structures found theoretically or 
experimentally include close-packed spheres (CPS) and perforated lamellae (PL). The 
characteristic spacing of the pattern of the structure, on the order of tens of nanometers, may be 
tuned through molecular weight.68 
 
In particular, thin block copolymer films have been the subject of intensive research 
over the last few decades due to a rich variety of well ordered microphase separated 
structures not found in bulk.67,69,70 The phase behavior of the block copolymer in thin 
films is dictated by additional polymer-substrate interfacial interactions (surface fields) 
and film thickness. They determine to a great extent the film composition near the 
surfaces, i.e. the wetting conditions. Symmetric wetting occurs when the same block is 
located at both interfaces. Alternatively, block copolymer films with different blocks at 
each surface exhibit asymmetric wetting conditions.71 Interfacial energetics and related 
wetting conditions for lamella-forming block copolymers are explicitly delivered in the 
review by Fasolka et al.72 
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Figure I.16: Schematical phase diagram of self-assembled structures in an asymmetric AB 
diblock copolymer melt.73 The point labeled “SB” indicates the parameters of the polystyrene-b-
polybutadiene block copolymer under the experimental conditions. The DSCFT simulations 
illustrate surface structures predicted theoretically and observed experimentally in thin films of 
cylinder-forming block copolymers under surface fields or thickness constraints: disordered phase 
(dis), vertically oriented cylinders (C‖), cylinders aligned parallel to the film plane (C⊥), lamella 
(L), and hexagonally perforated lamella (PL) phases.74  
 
For lamellae forming systems, any cross section parallel to a lamella exhibits the same 
symmetry. However, thin films of the compositionally asymmetric cylinder-forming 
block copolymers form various ordered separated microdomain structures which deviate 
from the corresponding bulk morphologies under confinement and strong surface fields.75 
Figure I.16 shows examples of simulated76-78 and experimentally79,80 observed surface 
structures of a cylinder-forming PS-b-PB diblock copolymer in thin films. The formation 
of in-plane cylinder phase (C‖), non-bulk perforated lamella (PL) and lamella (L) were 
reported for this type of asymmetric diblock copolymer under strong surface fields or 
thickness constraints.  
Thin films of BCPs form spontaneous roughness of the film surface upon the 
equilibration of in-plane aligned microdomains when the film thickness is not 
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commensurable with the characteristic microdomain spacing of BCPs (referred to as 
terrace formation).81-83 The shape of the transition region between the terraces depends on 
the molecular weight and on the Flory−Huggins interaction parameter χ (i.e. on the 
chemical composition of the block copolymer as well as on the experimental variables 
which affect χ). Figure I.17 shows surface topography and microdomain structures of PS-
b-PB film on a strongly-interacting silicon oxide substrate after thermal annealing. The C‖ 
phase was found only in the first layer of structures at the favored film thickness and at all 
transition regions. Thickness-induced phase transition from the C‖ to the lamella (L) 
structures is attributed to the increased incompatibility of the block components when PB 
block is strongly attracted to the substrate. On the other hand, the C‖ structures are 
characterized by the natural microdomain spacing and PL morphologies are observed in 
minor thickness variations on a weakly-interacting substrate. However, the uncontrolled 
surface roughening of block copolymer films might limit their applications in electronics, 
optics, and sensor technology. 
 
 
Figure I.17: 3D pictures showing the surface topography with terrace formation and the 
microdomain structures in PS-b-PB films on silicon oxide substrates after thermal annealing: (a) 
in coexisting terraces T0 and T1 with absolute terrace heights of (6 ± 1 nm) and (33 ± 2 nm), 
respectively, (b) in terraces T1 (32 ± 2.5 nm) and T2 (64 ± 2 nm), and (c) in terraces T2 (59 ± 2.5 
nm) and T3 (88 ± 3.5 nm). The displayed area is (3 x 3 x 0.06) µm3.80   
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Similar to asymmetric AB diblock copolymer systems, ABC triblock terpolymers 
exhibit structural complexity of phase behavior in confined geometries. They may 
potentially be more versatile than binary block copolymer systems due to the increased 
complexity.84-86 Recently, Krausch and coworkers have performed experimental works on 
ABC triblock terpolymers. They described a variety of thin film structures for a 
polystyrene-block-poly(2-vinylpyridine)-block-poly(tert-butyl methacrylate) (SVT) 
triblock terpolymer could be achieved by particular preparation routes such as solvent-
selectivity and different solvent vapors.87-90 The self-assembly of SVT triblock 
terpolymer in thin films has been further studied by Ludwigs et al.91,92 Microdomain 
structures show pronounced dependence on film thickness: from perpendicular and 
parallel cylinders (C⊥, C‖) to perforated lamellae (PL) as well as additional more complex 
morphologies.  
 
  
 
Figure I.18: The perfect epitaxial ordering of lamellar-forming PS-b-PMMA copolymer prepared 
on a chemically patterned self-assembled monolayer (SAM) surface. In this case, lamellar period 
of block copolymer (48 nm) and period of SAM pattern (47.5 nm) are well matched. The light 
and dark regions are PS and PMMA domains, respectively.94 
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Control over the long-range lateral ordering in nanostructured BCPs patterns is very 
important for many applications in semiconductor industry and data storage device.93 
While short-range ordering of microphase separated structures is achieved relatively 
easily, they exhibit a high density of defects and small grain sizes in thin films. Therefore, 
many approaches have been developed to achieve long-range ordering by using 
topographic substrates (graphoepitaxy) and chemically patterned surfaces fabricated by 
lithographic techniques. Chemical patterns take advantage of strong differences in the 
surface interactions of block copolymer components with the substrate patterns.  
Nealey and coworkers extensively elaborated and demonstrated the directed assembly 
of BCP microdomains on a chemically patterned surface fabricated via advanced 
lithographic tools, i.e. extreme ultraviolet interferometric lithography (EUV-IL).94-98 
Selective polar and hydrophilic areas are generated by surface modification of the 
substrate with self-assembled monolayers followed by coating with a photoresist and 
subsequent UV-exposure, while the unexposed area remains non-polar and hydrophobic. 
The hydrophobic PMMA block in the PS-b-PMMA is exactly placed on the patterned 
hydrophobic area. From this approach, a long-range lateral ordering of the lamellar 
microdomains was developed as shown in Figure I.18. Defect-free and well registered 
nanostructures with perpendicularly oriented lamellae were obtained over large areas 
(more than several microns), when Ls (period of chemically patterned SAM) is close to Lo 
(microdomain spacing of BCPs) (ca. <5%).94 Taking advantages of chemically patterned 
surfaces, the alignment of cylinder-forming BCPs was also studied.99-101 Cylinders were 
aligned along the stripes with a high degree of ordering due to preferential wetting 
between the chemical patterned areas and the respective blocks.  
The graphoepitaxy approach has first been demonstrated by Segalman et al.102 They 
developed a perfect lateral ordering of the spherical microdomains of P2VP in PS-b-
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P2VP by using a rectangular trough for providing geometric confinement. The width of 
mesa and the depth of the trenches are important factors to achieve lateral ordering of 
spherical microdomains. It was only possible to produce a good lateral ordering when the 
depth of the trench is equal to or greater than the height of one layer of spheres and the 
width of mesa is less than 5 µm. Park et al. used a sawtooth pattern produced by 
crystalline facet for directed self-assembly of block copolymers.103 The sawtoothed 
substrate topography provides directional guidance to the self-assembly of the block 
copolymer, which is tolerant of surface defects, such as dislocation. As shown in Figure 
I.19, they could achieve the lateral ordering and lattice orientation of the single-grain 
arrays of PEO (poly(ethylene oxides)) microdomains in PS-b-PEO with ultrahigh density 
(~ 10 Tb/in2) over the entire surface. Bita et al. achieved a long-range ordering of PDMS 
spheres in PS-b-PDMS by using lithographically fabricated regular posts.104 The 
orientation and periodicity of the resulting array of spherical microdomains are governed 
by commensurability between the block copolymer and the template period. The posts 
can effectively replace BCP microdomains, direct a lattice orientation and a long-range 
lateral ordering when the block copolymer period (Lo) is commensurate with the template 
period (Ls). Xiao et al. used hole-tone patterns preferential for the minority PDMS 
component in a sphere-forming PS-b-PDMS diblock copolymer.105 They observed that 
frequency multiplication by a factor of nine with translational order extending over the 
entire patterned area. Topographical grating substrates were also used to guide the self-
assembly of PS-b-PEP for aligning striped cylindrical patterns by Sundrani et al (Figure 
I.20a).106,107 PS prefers to wet the substrate/polymer interface whereas PEP prefers to wet 
the polymer/air interface. For films of L/2 thickness the surface is featureless as a result of 
the absence of underlying PS cylinders. In films thicker than L/2, the underlying PS 
cylinders in the PEP matrix organize as a disordered fingerprint structure as shown in 
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Figure I.20b and c. Consequently, they aligned the BCPs structures on two such troughs 
of widths 0.74 µm (Figure I.20d) and 1.52 µm (Figure I.20e), respectively. The section 
profiles show that the corrugation of 12 nm from the crests to the troughs is attributable to 
the L/2 thick film present on the crests. It was observed that cylinders closely follow the 
geometry of the trough edges. Alignment of BCPs is nucleated by PS preferentially 
wetting the trough sidewalls and thermally extended throughout the polymer film by 
direct annihilation. 
 
 
Figure I.19: AFM height images of sawtooth patterns and phase images of solvent-annealed PS-
b-PEO thin films. (a and d) When M-plane sapphire was annealed at 1400 and 1500 °C, a pitch of 
~48 and ~24 nm and a peak-to-valley depth of ~6 and ~3 nm were obtained, respectively. Highly 
ordered PEO cylindrical microdomains having areal densities of 0.74-10.5 terabit/in.2 from PS-b-
PEO (Mn = 26.5 kg/mol), (B) PS-b-PEO (Mn = 25.4 kg/mol), (C) PS-b-PEO (Mn = 21.0 kg/mol), 
(E) PS-b-PEO (Mn = 7.0 kg/mol), and (F) BCP thin films annealed in o-xylene vapor. Scale bars, 
100 nm.103   
 
While the chemically and topographically patterned substrates could widely be used for 
long-range ordering of BCPs, the sequenced microphase separated structures within 
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macroscopic topographic patterns through use of a regular thickness gradient have not 
been achieved.  
 
 
Figure I.20: (a) Schematic illustration to achieve parallel arrays of aligned diblock copolymer 
cylindrical domains, (b) Schematic of diblock copolymer film on Si3N4 substrate, (c) AFM phase 
image, 2 x 2 µm, showing typical disordered fingerprint pattern of an annealed film on a flat 
substrate, (d, e) aligned cylindrical domains across the entire trough, 0.74 µm (a), 1.52 µm (b), 
width and along the 100 µm length on a substrate with a 35 nm deep channel. Height profiles 
show corrugation of 12 nm from the crests to the troughs.106  
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I.3 Objective of this Thesis 
This thesis focuses on the development of novel approaches for the fabrication of 
nanostructured functional surfaces. One focus is the fabrication of wrinkled 
nanostructures and hierarchically structured surfaces via unconventional molding and 
curing methods using a ceramic precursor (PVSZ). Durable ceramic materials are 
recognized as promising candidates for the construction of advanced micro-/nanosystems 
owing to ceramic characteristics such as chemical, thermal and mechanical stability. This 
thesis aims at the fabrication of chemically inert and stable functional ceramic surfaces 
and substrates with precisely manufactured small structures based on facile molding 
techniques. 
In addition, this thesis focuses on development of a facile one-step route for self-
assembly of block copolymers to overcome the surface roughening (terrace formation) 
and at the same time generate ordered sequences from microphase-separated 
microdomains in thin films of cylinder forming polystyrene-block-polybutadiene (PS-b-
PB). Additionally, a systematical study of morphological behavior in thin films of PS-b-
PB affected by film preparation and annealing conditions onto corrugated substrates has 
been performed. Finally, terrace formation and morphological behavior in thin films of 
polybutadiene-block-poly(2-vinyl pyridine)-block-poly(tert-butyl methacrylate) (BVT) 
have been studied.  Novel and complex structural formation of BVT in thin films 
sufficiently annealed in a nearly saturated solvent vapor is discussed. 
35 
II Experimental  
II.1 SiCN ceramic precursor 
In order to fabricate the nanostructured corrugated SiCN ceramic substrates and 
hierarchically structured functional surfaces, poly(vinyl silazane) (PVSZ, HTT 1800, KiON 
Corp.) was used as a SiCN ceramic precursor. The material is a liquid polymer which can be 
easily shaped by casting in micro-/nanomaster and then solidified by cross-linking of the vinyl 
groups via a free radical initiator through UV irradiation. After curing, it can be converted 
into a SiCN ceramic material by pyrolysis at 800 °C. A polymeric structure of PVSZ is shown 
in Figure I.3b. Details about fabrication procedures and characterization of nanostructured 
ceramic substrate and hierarchically structured surfaces are shown in chapter III and IV.  
 
II.2 Block Copolymers and Thin Films preparation 
In this thesis two kinds of block copolymers were used for preparation of thin films. A 
poly(styrene-b-butadiene) (MnPS=13.6 kg/mol and MnPB=33.7 kg/mol) (PS-b-PB, Polymer 
source Inc.) block copolymer with a total molecular weight of 47.3 kg/mol and polydispersity 
index of 1.03 was used in chapter V and VI (Figure II.1). 1 wt% toluene solution was 
prepared with the addition of stabilizer (2,6-di-tert-butyl-p-cresol) in an amount of 0.03 wt% 
of the polymer weight to prevent cross-linking of PB during thermal annealing. Thin films on 
flat silicon wafers, SiCN ceramic films and mica substrates (Plano GmbH) have been 
prepared by spin-coating with 1000, 2000 and 4000 rpm to produce PS-b-PB films with 70, 
40 and 24 nm thickness, respectively. Prior to use, Si wafers and SiCN ceramic substrates 
were cleaned in toluene for 1 day, followed by snow jet and air plasma for 1 min at 0.2 mbar. 
Mica was freshly cleaved before film deposition. In order to prepare a homogeneous polymer 
film on a corrugated substrate, a spin-coated film was floated from mica onto water surface, 
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and then picked up by the corrugated ceramic substrate. To equilibrate the microphase 
separated structures, films have been thermally annealed under vacuum at 120 °C for 18 h. 
 
 
Figure II.1: Polymeric structures of a poly(styrene-b-butadiene) diblock copolymer. 
 
A B22V29T49110 (the subscripts represent the weight fractions of the respective blocks in 
weight %, whereas the superscript denotes the total average molecular weight in kg/mol) 
triblock terpolymer synthesized via sequential living anionic polymerization as previously 
described was used for investigation of thin film morphologies in chapter VII (Figure 
II.2).108,110 To obtain thin films of the polymer, 0.5 wt% polymer solution in THF was spun 
cast on a silicon wafer (CrysTech Inc.) and a mica substrate (Plano GmbH) with 2000 rpm for 
1 min to produce a 47 nm thick polymer film. Prior to use, the substrates were cleaned as 
described above. To equilibrate the microphase-separated structures, polymer films have been 
annealed in saturated THF vapor in a PC-controlled reaction chamber at room temperature for 
23 h. To freeze the polymer morphology, developed structures are quenched with a constant 
flow of pure dried nitrogen for 10 min. The details of the sample treatment in a PC-controlled 
chamber are described elsewhere.109 For further insight into microdomain structures, the 
polymer-air interfaces of a 47 nm thick polymer film were etched upon air plasma treatment 
for 15 sec. The characteristic surface topography in annealed block copolymer films was 
investigated using an optical microscope (Axioplan 2 imaging, ZEISS) as well as AFM, SEM 
and TEM. 
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Figure II.2: Polymeric structure of an employed polybutadiene-block-poly(2-vinylpyridine)-block-
poly(tert-butyl methacrylate) triblock terpolymer. 
 
II.3 Characterization by Microscopic Techniques 
II.3.1 Atomic Force Microscopy (AFM) 
SFM is scanning force microscopy (SFM) method developed by Binnig, Quate and Gerber 
in 1986111. A sharp probe is scanned across a surface and tip-sample interactions are 
monitored. AFM is running in three primary modes: contact mode, non-contact mode and 
tapping mode (cf. Figure. II.3). The principle of AFM is to scan an attached tip at the end of a 
cantilever across the sample surface while monitoring the change in cantilever deflection with 
a split photodiode detector. The distance the scanner moves vertically is stored by the 
computer to form the topographic image of the sample. The piezo crystal expands and retracts 
proportionally to an applied voltage and allow the scanner to move in x, y, and z directions. 
The scanning parameters can be controlled: set point (the feedback loop, which amplitude to 
maintain during scanning), integral gain (controls the amount of the integrated error signal 
used in the feedback calculations) and scan rate (number of trace and retrace scan lines 
performed by second (Hz)). The scanning results in three images: height, phase and amplitude 
images. 
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In the contact mode, the feedback loop maintains a constant deflection between the 
cantilever and the sample by vertically moving the scanner. So the force between the tip and 
the sample is constant. F = -kx, with k spring constant, and x the cantilever deflection. F is in 
the range of 0.01 to 1N·m-1. In tapping mode, the tip is attached to an oscillating cantilever 
scanning across the sample surface. The cantilever is oscillated at its resonance frequency 
with an amplitude ranging from 20-100 nm. The tip taps on the sample surface, contacting the 
surface at the bottom of its swing. The feedback loop maintains constant oscillation amplitude 
by keeping a constant RMS of the oscillation signal acquired by the split photodiode detector. 
The vertical position of the scanner (with a constant set point) is stored by the computer to 
form the topographic image of the sample surface. By holding constant oscillation amplitude, 
a constant tip-sample interaction is maintained during measuring. 
 
 
Figure II.3: Working principle of a Scanning Force Microscope. 
 
In the non constant mode, the feedback loop maintains a constant oscillation amplitude or 
frequency by vertically moving the scanner until "setpoint" amplitude or frequency is reached. 
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The cantilever is oscillated at a frequency which is above the cantilever’s resonance with 
amplitude of a few nanometers to obtain an AC signal from the cantilever. The tip does not 
contact the sample surface, but oscillates above the absorbed fluid layer on the surface during 
scanning. The cantilever’s resonance frequency is decreased by Van der Waals forces which 
extend from 1 to 10nm above the absorbed fluid layer.  
In this thesis, the nanostructured corrugated ceramic substrates, microdomain morphologies 
and absolute film thicknesses of block copolymers thin films were characterized by scanning 
force microscopy (SFM) in TappingMode® with Bruker Dimension ICON AFM using 
OTESPA tips with a resonance frequency in the range of 278 – 357 kHz and a spring constant 
of 12 – 103 N/m and a field emission scanning electron microscope (FE-SEM, S-4800, 
Hitachi).  
 
II.3.2 Scanning Electron Microscopy (SEM) 
In comparison to light microscope, scanning electron microscope (SEM) featured a greater 
depth of field, a higher resolution and magnification112. Its advantage, compared to the TEM, 
is the easier preparation of the samples (measurement in bulk, not only film), and the bigger 
surface that can be examined. As in TEM, the image is formed by the interaction between 
electron beam and sample; whereas it has lower resolution, as the spatial resolution of the 
SEM depends on the size of the electron spot, which depends on both wavelength of the 
electrons and the magnetic electron-optical system which produces the scanning beam. As a 
result, resolution of SEM is not high enough to image individual atoms, as is possible in the 
shorter wavelength (i.e. higher energy) TEM. The resolution is somewhere between less than 
1nm and 20 nm depending on the instrument. SEM is a surface characterization technique. 
For image generation mostly secondary electrons are used. 
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A focused electron beam (1-2 nm) is scanning over the sample. When the electrons of the 
scanning beam interact with the surface of the sample, it undergoes a series of complex 
interactions with the nuclei and electrons of the atoms of the sample. These interactions 
produce secondary electrons of different energies, X-rays, heat and light, which can be used to 
produce an image or gain information on the composition of the sample. 
When an electron beam interacts with atoms, each interaction causes the scattering of the 
incident beam. The interaction volume (depth and width) depends on the acceleration voltage: 
the higher the beam energy, the larger the interaction volume which in turn is inversely 
related to the average atomic number of the sample (cf. Figure II.4). 
As said before, samples can be measured in bulk, not only as film or foil. For good imaging 
the atomic number has to be high enough, as otherwise no contrast can be detected. Staining 
methods are also used for SEM. But it is used to sputter the sample with some electrical 
conductive metal such as gold or platinum, carbon coating can also be done. However, such 
manipulation may destroy the sample (polymer for example). Samples should also be 
dehydrated for the stability of the vacuum. The environmental scanning electron microscope 
allows working in highly humid conditions, e.g. to visualize biological samples, due to the 
development of a special detector. 
 
 
Figure II.4: Working principle of a Scanning Electron Microscope. 
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The surface structures of ceramic nanowrinkles as well as native leaves replicated PVSZ 
artificial leaves were examined using same FE-SEM in this thesis.  
 
II.3.3 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) is a microscopy technique using a beam of 
electrons transmitted through an ultra thin specimen, interacting with the specimen as it 
passes through. The major advantage of using electrons rather than light is the resolution, 
which can be enhanced up to 0.2 nm. The electron beam is generated by thermo-ionic 
emission of electrons from a tungsten V-shape filament. A strong electric field of up to 200 
kV, accelerates the electrons to high energies, while electromagnetic lenses focus and direct 
the beam towards the anode. The so-called Wehnelt assembly, a metal surrounding the 
filament, has an additional focusing action on the beam.112 
The image is generated by interaction of the electrons with the atoms of the sample. While 
transmitting the specimen, some electrons are scattered. The inelastically scattered ones are 
removed by apertures, while the elastically scattered produce the adsorption contrast in the 
image on the fluorescent screen below the sample. The usual "bright field imaging" mode 
uses the directly transmitted electrons for image recording. The darker areas correspond to 
denser regions of the specimen that scatter larger numbers of electrons. The intensities in the 
final image are closely connected to the thickness and the distribution of matter. 
 
The PS-b-PB film thicknesses on corrugations were measured by cross-sectional 
transmission electron microscopy (TEM). PS-b-PB Samples for cross-sectional TEM 
measurements were prepared on a dual-beam FIB workstation (FEI Helios Nanolab). Prior to 
inserting the sample in the FIB, a thin Au layer was sputter-deposited on the surface of the 
sample to protect the polymer in the subsequent preparation steps. In addition, a thicker Pt 
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layer was e-beam-deposited in the FIB on the areas from which cross-sectional lamellae were 
extracted. The FIB-lamellae were extracted via in-situ lift-out and attached to an Omniprobe 
grid via Pt deposition. 
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III Artificial Leaves via Reproduction of Hierarchical Structures by a 
Fast Molding and Curing Process1 
III.1  Introduction  
In recent years, a variety of plant surfaces have been used for the development of artificial 
biomimetic materials.30,34,113,114 One of the most prominent properties of such surfaces is their 
extraordinary wetting behavior, which mainly depends on the surface morphology. The 
superhydrophobic and self-cleaning properties are closely related to the presence of 
hierarchical structures with multiscale roughness, consisting of cells, and micro-
/nanostructured wax crystals on the cell surface.29,31,32 This hierarchy prevents the water 
droplets on the leaf surface from wetting the surface, retaining air underneath them, resulting 
in extremely high contact angles above 150° and a small contact angle hysteresis of less than 
10°.31 The water droplets easily roll off the surface carrying dust and dirt particles, leaving 
behind a clean surface.114,115 Such hierarchical structures are of great interest for various 
technological applications, including self-cleaning surfaces, construction materials, and 
textiles. In the past, artificial leaves with hierarchical surface structures have gained much 
attention and several methods have been devised for their fabrication based on lithographic 
processes,38,39 electro-depositions,41 and colloidal systems.40 However, the above-mentioned 
methods constitute complex and time-consuming fabrication processes. In contrast, molding 
methods are simple and cost effective to transfer and replicate surface structures even on the 
nanoscale,40,41 however, they encounter problems with artifacts from shrinkage of cells in 
fresh leaves due to loss of water. Additionally, the softness of the superimposed wax crystals 
on the leaf surface could be destroyed or could collapse.42,118 To circumvent these problems, 
an effective fast molding process to reduce the loss of water is required. Fast replication 
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processes were successfully demonstrated in the past,119,120 however, to form the wax crystals, 
additional thermal evaporation of wax had to be applied to create hierarchical structures.  
Therefore, in this work a two-step molding process was used to replicate the leaf structures 
via a fast curing and molding process to prevent shrinkage of the cells and realize the 
multiscale roughness with hierarchical structures without any additional self-assembly 
processes. In previous reports, mostly a polydimethylsiloxane (PDMS) has been used for 
replicating the leaf surface. However, as a fresh leaf surface typically contains water, the long 
curing times and elevated temperatures required for curing PDMS caused shrinkage of cells 
due to loss of water during the molding process.42,43 Therefore, in this work, PDMS has been 
replaced by the photocurable perfluoropolyether (PFPE) polymer. The PFPE, which is 
elastomeric, UV sensitive, and resistant to organic solvents is used for the negative 
mold.22,121,122 The positive structure was fabricated using a ceramic precursor, 
polyvinylsilazane (PVSZ), with a high mechanical strength and organic solvent resistance as 
well.28 The resistance of the fabricated surfaces to- ward various contaminants, organic 
solvents, and corrosive aqueous solutions of various pH values would allow for the 
development of novel applications in the field of self-cleaning materials. 
 
III.2  Fabrication and Characterization  
Figure III.1 illustrates the procedure used to fabricate the artificial leaf with hierarchical 
structures. Fresh Genus Lonicera leaves were selected as a biological hydrophobic model 
surface. To remove adhering particles, the leaves were rinsed with water. Functionalized 
PFPE was synthesized as previously described22,122,123 and used for the negative leaf imprints. 
1wt% of photoinitiator (Darocur 1173, Ciba, Japan) was added to the polymer and 
homogeneously mixed. To create the PFPE negative structures from the leaf, the polymer 
with photoinitiator was dropped onto a fresh leaf and immediately a glass slide was pressed 
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on the polymer with extremely low pressure (0.68 g cm−2) and irradiated with UV light 
(Panacol UV-F 400 F, 450 W, λ = 325-380 nm) for 5 min at a distance of 10 cm to cure the 
PFPE. During the treatment with UV light, the maximum sample temperature was 
approximately 34 °C, which does not constitute a significant local heating, thus preventing 
loss of water. After UV irradiation, the native leaf was carefully peeled off from the substrate 
leaving behind the cured PFPE negative structures. Subsequently, PVSZ (HTT 1800; KiON 
Corp., USA) was used to produce the positive leaf structures. 1 wt% of photo initiator 
(Irgarcure 500, Ciba specialty, Japan) and 0.5 wt% of thermal initiator (Dicumylperoxide, 
Aldrich) were added to the polymer and homogeneously mixed by stirring for 10min to 
enhance the UV and thermal curing kinetics.28 To fabricate the positive leaf surface, the 
negative PFPE structure was applied for molding onto the PVSZ. Prior to that, the negative 
PFPE was treated with 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane (CF3(CF2)7(CH2)2SiCl3) 
under vacuum for 1 h at room temperature to generate a releasing layer to prevent adhesion 
between the PFPE stamp and the PVSZ. Then, the PVSZ was dropped onto a silicon wafer 
and the PFPE negative stamp was smoothly placed on it without pressure. UV irradiation was 
applied for 15 min to solidify the PVSZ structures. Peeling the PFPE stamp from the 
developed solid, PVSZ revealed the positive structures, which were then post cured at 150 °C 
for 3 h. The synthesis and photo-curing mechanism of the polymers are given in Scheme 1 
(see Supporting Information).22,28,122 
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Figure III.1: Schematic illustration showing the fabrication process of PVSZ artificial leaf structures. 
 
To investigate the surface chemistry of the samples prepared on the silicon wafer, an X-ray 
photoelectron spectroscopy (XPS, Axis Ultra) was used. The surface structures of the native 
leaves were imaged by a field emission scanning electron microscopy (FE-SEM, S-4800, 
Hitachi) under cryogenic-mode and replicated PVSZ artificial leaves were examined using 
same FE-SEM under normal condition. The surface wettability was measured by sessile drop 
technique using a contact angle goniometer (DSA100, KRÜSS GmbH). 
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Scheme III.1: Synthesis and photocuring of PFPE (a) and photocuring of PVSZ (b). 
 
III.3  Results and Discussion 
Figure III.2 shows FE-SEM images of the native Genus Lonicera leaf surface and PVSZ-
derived artificial leaf. The native leaf surface exhibits hierarchical structures consisting of 
microstructures and randomly oriented nanohair-like structures as shown in Figure III.2 a-c. 
Both surface features are built from convex epidermal cells and three-dimensional 
epicuticular waxes.124 Figure III.2d-f displays the artificial structures replicated by the above-
described a two-step molding process. On a large level, micron-sized surface undulations can 
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be seen. On a smaller level, randomly distributed sub-micron wax hairs with variable sizes are 
detected on the surface. Short hairs were replicated nicely whereas longer hairs of about 150 
µm in length appear truncated at a certain length most likely caused by the removal of the 
PVSZ replica from the PFPE negative stamp (Figure III.2d).125 However, the submicron hair 
structures having diameters of around 200 nm and varying length between 500 and 1000 nm 
were success- fully replicated into the cured PVSZ structures, as shown in Figure III.2f. 
Therefore, the method presented here demonstrates that the hierarchical structures can be 
replicated in great detail using a fast and reliable replication process without any additional 
self-assembly step.  
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Figure III.2: Hierarchical structures on the surface: (a-c) FE-SEM images of the native leaf surface; 
(d-f) PVSZ-derived artificial leaf surface obtained from a two-step molding process. Insets in (a) and 
(d) represent magnified views of the long hairs and arrows indicate native (a) and artificial structures 
(d) at their highest ends.  
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In the following, we compare the surfaces of a flat PVSZ film, the PVSZ-derived artificial 
leaf and a PVSZ film modified with the perfluorosilane used in the second molding step. 
Figure III.3 shows the detailed chemical composition of the surfaces investigated by X-ray 
photoelectron spectroscopy (XPS). As seen in Figure III.3b, the PVSZ-derived artificial leaf 
surface obtained from a molding process using a perfluorosilane-modified PFPE stamp 
exhibits O1s, C1s, Si2p signals, and an additional F1s-peak compared with that of the flat 
cured PVSZ film (Figure III.3a). In the XPS spectra of the PVSZ artificial leaf (Figure III.3b, 
and the perfluorosilane-modified PVSZ surface (Figure III.3c), the peaks generated from the 
samples exactly correspond to each other. As the surface of PFPE has no binding site for 
covalent bonding such as an –NH- or silanol-group, which can react with a fluorosilane,126,127 
one can draw the conclusion that the fluorosilane layer on the surface of the negative PFPE 
structures partially reacted with the PVSZ and therefore was transferred to the positive PVSZ 
surface during the molding process. 
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Figure III.3: XPS spectrum of (a) cured flat PVSZ film (UV curing for 15 min and subsequent 
thermal curing at 150 °C for 3 h), (b) artificial PVSZ leaf obtained from a molding and curing process 
(UV curing for 15 min and subsequent thermal curing at 150 °C for 3 h) using the perfluorosilane-
modified PFPE stamp and (c) Perfluorosilane-modified PVSZ surface after normal curing (UV curing 
for 15 min and subsequent thermal curing at 150 °C for 3 h). 
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In order to investigate the effect of the hierarchical structures on the surface wettability, we 
measured static water contact angles with a contact angle goniometer. A water droplet of 1 µL 
in volume was gently deposited on the surface with a micro syringe and the contact angle was 
monitored with a camera. All measurements were repeated five times to deduce a mean value 
and a standard deviation. From Figure III.4, one can observe that the PVSZ artificial leaf 
surface is highly hydrophobic with a water contact angle of ≈112.5°. The value is 
significantly higher than that of the flat perfluorosilane-modified PVSZ film (≈99.8°), which 
is slightly higher than the ≈94.0° of the cured flat PVSZ film without surface treatment,28 
which demonstrates that the wettability of the replica predominantly arises from the surface 
structure and not from the chemical nature of the surface. In addition, the contact angle of the 
replica is very close to that of the native leave surface, which amounts to ≈115.0°. According 
to these results, it is clear that the replication method presented here not only replicates the 
hierarchical structures of a natural leaf in great detail but also generates an artificial surface 
with hydrophobicity similar to the original leaf surface.  
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Figure III.4: Static contact angles of water drops on the surfaces of the fresh native leaf, the PVSZ-
derived artificial leaf, and the perfluorosilane-modified PVSZ film. 
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III.4  Conclusions  
To summarize, the successful replication of the hierarchical structures of a natural leaf 
surface by a simple and fast two-step molding has been demonstrated. First, PFPE negative 
structures were generated through a fast UV curing to avoid shrinkage of the cells from loss 
of water. Subsequently, hierarchical artificial leaf surface structures were produced with high 
fidelity by UV- and thermal-curing of a PVSZ mold. The replicated surfaces showed a static 
water contact angle similar to the native leaves and higher than that of a fluorinated planar 
thin film of PVSZ. As the presented fabrication method is straightforward, it should be 
possible to extend it to other leaves surfaces. 
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IV Ceramic Nanowrinkles via a Facile Replication Process1 
IV.1 Introduction  
Micro- and nanofabrication techniques have been extensively studied due to their potential 
for applications in the fields of electronics,2 photonics,129 and micro-/nanofluidics.60 Top-
down lithographic processes constitute a major approach towards fabrication of small 
structures. While these well-developed lithographic techniques have many advantages, they 
require masks, masters, and/or replica molds produced via expensive and complicated 
processes. In particular, there are many techniques to obtain small structures through molding 
using prefabricated stamps. For example, in microcontact printing (µCP) an elastomeric 
stamp is used to transfer various systems onto flat surfaces by physical and mechanical 
contact. Prominent examples are self-assembled monolayers,130 various macromolecules and 
biological systems131 showing the large flexibility of the technique. Pattern transfer via 
physical contact between a stamp and a substrate is also used in nanoimprint 
lithography(NIL)5 and step and flash imprint lithography (SFIL)132 for creating fine features 
with UV- and thermally curable polymers. Although all the methods described above are 
effective patterning techniques, they require stamps replicated from masters, which are 
usually fabricated by conventional lithographic processes. Recently, a practical method to 
produce polydimethylsiloxane (PDMS) stamps with wrinkled nanopatterns by a lithography-
free technique was established.45,47 Using such a wrinkled PDMS stamp, alignment of tobacco 
mosaic virus (TMV)46 and arrays of nanoparticles61 could be obtained. In addition, such 
arrays could be printed onto solid substrates yielding a direct pattern transfer from the PDMS 
stamp to the substrate.63,64 
While the preparation of lithography-free nanoscopic structures via wrinkling instabilities 
is easily achieved using organic polymers, they lack chemical and thermal stability. Durable 
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ceramic materials are recognized as promising candidates for the construction of advanced 
micro-/nanosystems.133,134 In terms of precise fabrication techniques for ceramic structures, 
mechanical machining processes and advanced soft-/stereolithography using ceramic 
precursors were utilized to create fine ceramic structures.23,135,136 
However, to the best of our knowledge, there are no reports on ceramic structures with 
sub-micrometre resolution from non-lithographic and non-mechanical machining processes. 
In this communication, we introduce a cost-effective and facile approach for fabrication of 
ceramic nanopatterns produced via replication of a PDMS master produced from a simple 
wrinkling process. 
 
IV.2 Experimental  
Figure IV. 1 illustrates the procedure to fabricate the wrinkled SiCN ceramic nanopatterns. 
The PDMS masters with wrinkled patterns are prepared via a previously described 
procedure.45,47 Cross-linked PDMS pieces of 6 mm width and 30 mm length were initially 
mounted on a custom-made stretching apparatus19 and subsequently stretched uniaxially to a 
strain of 30% of their original length. These stretched PDMS pieces were then oxidized for 60 
s in air plasma (0.2 mbar, 18W, PDC-32 G, Harrick). During relaxation of the PDMS, the 
hard silicon oxide layer forms wrinkles on the surface. Polyvinylsilazane (PVSZ, HTT 1800, 
KiON Corp., USA) was used as a ceramic precursor material. 1 wt% of photo initiator 
(Irgarcure 500, Ciba specialty, Japan) and 0.5 wt% of thermal initiator (Dicumylperoxide, 
Aldrich) were added to the polymer and homogeneously mixed by stirring for 10 min. 
Trichloro (1H, 1H, 2H, 2H-perfluorooctyl)silane(CF3(CF2)5CH2CH2SiCl3, Aldrich) was 
coated on a prepared wrinkled PDMS surface as a releasing layer to prevent un desirable 
adhesion between master and polymer. The PDMS master was placed on the PVSZ thin film 
prepared by spin-coating at 1500 rpm for 45 s. Subsequently, vacuum was applied for 10 min 
IV.2 Experimental 
 
57 
to intrude the polymer into the grooves of the PDMS wrinkles. After UV irradiation, the 
PDMS master was carefully peeled off from the substrate and the cured PVSZ wrinkles were 
pyrolyzed under nitrogen atmosphere to convert the polymer into the ceramic phase. 
 
 
Figure IV.1: Schematic illustration showing the fabrication process of SiCN ceramic nanopatterns 
from a wrinkled PDMS master. 
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IV.3 Results and Discussion 
Figure IV. 2 shows a scanning force microscope (SFM) image of a wrinkled PDMS 
surface. The wavelength l of the wrinkles depends on the silicon oxide layer thickness, i.e. on 
the plasma exposure time, while the amplitude A is dictated by the wavelength and applied 
strain, respectively.46 Thus, the dimensions of the wrinkled PDMS surface can be varied in a 
straightforward way. As shown in Figure IV. 2, an exemplary wrinkled PDMS surface was 
produced with an average wavelength λ of 524 ± 4 nm and an amplitude A of 101 ± 4 nm. 
 
Figure IV.2 Wrinkled PDMS surface: a) SFM image, b) corresponding height profile. 
 
Figure IV. 3 shows a scanning force microscope (SFM) image (the corresponding height 
profile reveals the sinoidal contour of the surface) and a field emission scanning electron 
microscope (FE-SEM) image of the wrinkled PVSZ, i.e. ceramic precursor polymer 
nanopatterns. During the molding process, the liquid PVSZ (which has a viscosity of 80 cP at 
20 °C) was pushed into the grooves of the PDMS infiltrating them easily. Cross-linking of the 
vinyl groups via a free radical initiator was induced by UV irradiation and readily solidified 
the patterned polymer.138 It is observed that the wrinkled PVSZ replica was obtained 
successfully using a PDMS master fabricated by a lithography-free technique. From Figure 
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IV. 3, it can be seen that the topography of the PDMS master is transferred without critical 
loss of structural features. The PVSZ wrinkles have a wavelength λ of 521 ±3 nm and an 
amplitude A of 94 ± 6 nm. These slightly smaller dimensions of the cured polymer wrinkles 
compared to the PDMS master can be explained by slight shrinkage during the 
curingprocess.133 The cracks in Figure IV. 3c are also directly replicated from the master. 
Crack formation occurred in the silicon oxide layer during relaxation of the PDMS yielding 
the wrinkled master, a typical defect in this process.139,140 
 
Figure IV.3: PVSZ replica after molding and UV-curing for 15 min using a wrinkled PDMS master: 
a) SFM image, b) corresponding height profile, c) FE-SEM image. 
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Figure IV.4: SFM and FE-SEM images of wrinkled SiCN ceramic nanopatterns obtained from 
pyrolysis at 800 °C for 2 h: a) derived from pure pre-ceramic polymer, b) derived from 30 wt% of pre-
ceramic polymer diluted with PGMEA and the corresponding height profile. 
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To obtain ceramic structures from the patterned ceramic precursor polymer, the solidified 
PVSZ wrinkles were pyrolyzed at 800 °C for 2h in a nitrogen atmosphere. Here, it is 
important to control the residual layer (‘‘bulk phase’’) between the surface pattern and the 
substrate with respect to the shrinking behavior during the pyrolysisstep.23,141 Figure IV. 4a 
shows a ceramic film broken into several pieces after pyrolysis. The observed breaking is 
induced by different degrees of shrinkage between the substrate and the patterned structures. 
In order to obtain ceramic structures without delamination and distortion, the thickness of the 
residual layer has to be tuned such that both the substrate and the patterned structures exhibit 
the same degree of shrinkage. To decrease the thickness of the residual layer, 30 wt% of 
PVSZ diluted with propylene glycol methyl ether acetate (PGMEA, Aldrich) were used. It 
was previously reported that PGMEA is a suitable solvent for soft molding systems as it can 
be absorbed into the PDMS master and evaporated into the air without swelling and 
deformation issues.142 In Figure IV. 4b, ceramic structures with a wavelength λ of 421 ± 2 nm 
and an amplitude A of 59 ± 6 nm after pyrolysis using the diluted ceramic precursor polymer 
can be seen without any delamination and distortion owing to the decrease of residual stress. 
The shrinkage ratio of the ceramic patterns with near-zero residual layer was measured by 
SFM to be ca. 19 % and 37 % in wavelength and amplitude, respectively, which corresponds 
to previously reportedvalues.23,133 From the results, it is clear that by controlling the 
concentration of the pre-ceramic polymer, sub-micrometre ceramic structures without any 
deformation can be obtained from a non-lithographic and non-mechanical process.  
 
IV.4  Conclusions 
In summary, a facile fabrication method involving no lithographic or mechanical process 
was demonstrated to achieve regularly wrinkled ceramic nanopatterns. The replicated PVSZ 
wrinkles were fabricated via molding followed by photopolymerization using a wrinkled 
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PDMS master produced by a lithography-free method. The PVSZ replica was converted to a 
SiCN ceramic material by pyrolysis at 800°C in a nitrogen atmosphere. Additionally, the 
delamination and deformation of the ceramic structures induced by anisotropic shrinkage 
during the pyrolysis step were easily controlled by dilution of the pre-ceramic polymer. 
According to the results, the developed method could be useful to produce chemically inert 
and stable nanostructured ceramic substrates.  
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V Guiding Block Copolymers into Sequenced Patterns via Inverted 
Terrace Formation1   
V.1 Introduction  
Self-assembly of block copolymers is a promising and low-cost route towards 
fabrication of hierarchically structured functional surfaces and patterns.69,144-148 
Depending on a number of well-established internal and external parameters,67,71,149-151 
block copolymers in thin films are guided to microphase separate into uniform 
microdomains with tunable dimensions and shapes including spheres,102,152 
cylinders,79,153,154  lamellae,81,82,155  hybrid structures190,156 or interconnected 
networks.157,158 Along with ABC terblock polymers85 and complexed block 
copolymers,84,157 asymmetric cylinder-forming diblock copolymers exhibit structural 
polymorphism in confined geometries.71,75,159 The technological use of nanostructured 
block copolymer patterns depends decisively on our ability to ultimately manipulate their 
shape, the macroscopically-uniform orientation and long-range lateral order. 
In the last years, intensive research convincingly demonstrated the possibility of precise 
registration of microphase separated structures by using lithographically-fabricated 
topographical104 (known as graphoepitaxy)102 or/and chemical patterns.94,160,161 While 
chemical patterns take an advantage of a strong difference in the surface interactions of 
block copolymer component with the substrate patterns,161  topographical graphoepitaxy 
in a form of regular162-164 or irregular substrate corrugations165 imposes an additional 
confinement to the system and thus affects the microphase separation mechanism. 
A diversity of topographic geometries has been used for microdomain registration 
ranging from randomly roughened substrates,165 trapezoidal shaped-Si grating 
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substrates,163 directional V-shaped grooves,166 sawtoothed,103 or channel 
topography102,162,167 up to lithographically-fabricated regular posts104 or holes.105 Different 
criteria of the substrate topography have been introduced, including the ratio of the 
characteristic lateral periodicity of the pattern λs to the microdomain dimension L0,164 the 
ratio of λs to the film thickness,168 and the ratio of λs to the root-mean-square vertical 
displacement of the surface topography R,165 as well as the ratio of the grating height to 
L0.163 Ideal grating substrates (of qsR ~ 0.15, where qs=2π/λs) gave rise to a lateral 
ordering of perforations in lamella along the peaks with corrugation amplitude of about 
L0/2.164 Sivaniah et al demonstrated the appearance of perpendicular lamellae on rough 
substrates and found a critical surface roughness, below which the parallel orientation of 
lamella is favored.165 Li et al systematically studied modulations at the free surface in 
lamella-forming PS-P2VP diblock and triblock copolymer films supported by Si-gratings 
with the heights which are comparable with the lamella period.163
 
 They determinded 
topographical conditions for either in phase (conformal) or out of phase (anticonformal) 
terrace formation. Relatively large aspect ratio grating substrates have been used to 
laterally align sphere-forming,102 and cylinder-forming block copolymers,106 and the 
mechanism of ordering in these cases was attributed to the coordinated surface-field 
directed wetting of the base and of the side walls of the gratings. Grating substrates have 
been successfully used to generate micron-scale periodic structures from PS-b-PMMA 
block copolymer: the standing-up and lying-down cylinders assembled periodically as a 
result of the film thickness-dependent surface morphology.162 The authors confirmed the 
importance of the compliance of the cylinder size to the trough width. However, 
uncontrolled dewetting and terracing of the film reduced the perfection of these 
patterns.162 Another strategy for generating regions from microphase-separated block 
copolymer structures  have been employed by Bosworth et al.169 who utilized a three-step 
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approach based on selective solvent and block-selective solvent annealing with an 
intermediate UV cross-linking step to lock the structure at selectively masked areas. 
Following the idea of Fasolka et al. on mediating sequenced patterns by substrate 
topography, we take advantage of a macroscopic topographic parameter which matches 
the free surface profile of equilibrated block copolymer films. The phenomenon of 
spontaneous roughening of the film surface upon the equilibration of in-plane aligned 
microdomains (often referred to as “terrace formation”) has been long studied in regards 
to the dynamics of microdomain evolution.81-83 The shape of the transition region 
between the terraces depends greatly on the molecular weight and on the Flory-Huggins 
interaction parameter χ (i.e. on the chemical composition of the block copolymer, as well 
as on the experimental variables which affect χ). From the practical point of view, the 
uncontrolled surface roughening of block copolymer films limits their applications in 
electronics, optics, and sensor technology.  
In this work, we report a facile lithography-free method to overcome the problem of 
surface roughening and at the same time to generate ordered sequences from microphase 
separated microdomains. Wrinkled SiCN (Silicon Carbon Nitride) ceramic substrates 
have been fabricated by a replication process and were homogeneously covered with 
films of PS-b-PB diblock copolymer by floating. The corrugations dimensions of the 
substrates were in the range of the terrace shapes, i.e. they match the profile of the 
transition thickness between neighboring terraces of annealed PS-b-PB films. We first 
compare the morphological behavior of PS-b-PB films on flat and on corrugated 
substrates both under strong and under neutral surface fields. Further, the pattern 
formation as a function of the film thickness is discussed. Next, using grating substrates 
with a gradient in grating periodicity and amplitude we demonstrate the importance of the 
compliance of the substrate corrugations with the characteristic roughness of the 
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“terraced” film in order to eliminate the surface roughening on macroscopically large 
areas.  
 
V.2 Results and Discussion 
Asymmetrical block copolymers in thin films are known to show a rich phase behavior 
with deviations from the bulk structures. Although it is a potentially useful property, the 
sequences of morphological structures are in most cases observed at the thickness 
gradients when the microdomains have to adjust to the changing thickness,75 or phase 
transitions occur very locally under strong interactions with the substrate.80 The phase 
behavior of cylinder-forming polystyrene(PS)-block-polybutadiene(PB) diblock 
copolymer (PS-b-PB) on flat strongly and weakly interacting substrates both under 
thermal and solvent annealing has been intensively studies before.80 Earlier it was shown 
that on freshly cleaned silicon oxide substrates (silicon wafers) the formation of the in-
plane cylinder phase (C║) as well as of the non-bulk perforated lamella (PL) and lamella 
(L) phases in PS-b-PB melts depends on the local film thickness. 
 
V.2 Results and Discussion 
 
67 
 
Figure V.1: (a) Optical microscopy image of a 24 nm-thick PS-b-PB film annealed on a flat 
SiCN ceramic substrate. The two colors correspond to two distinct film thicknesses; (b) SFM 
phase image of the same film; (C) Cross-section plot of SFM topography data, representing step 
height and step width between neighboring terraces in thermally annealed PS-b-PB films on flat 
silicon wafers (from Ref. 47) and on flat SiCN ceramic substrates. The number of a lower terrace 
(number of layers) is indicated; (d) SFM height profile of the corrugated SiCN ceramic substrate. 
 
Figure V.1 displays the macroscopic surface features (a) and microphase separated 
domains (b) of PS-b-PB on a flat SiCN ceramic substrate after thermal annealing. The 
film shows a clear terrace formation behavior which is characteristic for strong surface 
fields at the substrate. Also the microphase-separated pattern – a fine coexistence of C, 
PL and L patches – confirms the strong pinning of the majority PB block to the SiCN 
ceramic surface and, consequently, reduced chain mobility in the bottom layer.80 Both 
patterns – surface topography and microdomains – suffer from a low degree of order and 
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small grain sizes. A detailed thickness-dependent morphological behavior of PS-b-PB on 
SiCN ceramic and silicon oxide substrates is presented in Figure V.2 and V.3.  
 
 
Figure V.2: Optical images of surface topography of 24 nm-thick PS-b-PB films thermally 
annealed on flat silicon oxide at 120 °C for 18 h: (a) the areas covered with terraces and (b) the 
areas close to the edge of the substrate. 
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Figure V.3:  SFM phase images of surface structures of PS-b-PB films with indicated thicknesses 
on planar silicon oxide surface (left column) and SiCN ceramic substrate (right column) after 
thermal annealing at 120 °C for 18 h.  
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Despite an apparent randomness, the surface relief structures in Figure V.1a and V.2 
can be characterized by a certain characteristic periodicity which is the repeated step 
height (ca. 24-30 nm) and the step width (ca. 0.6-1.2 µm) where the indicated ranges 
slightly depend on the number of layers and on the substrate chemistry (Figure V.1c). In 
the following, we study the phase behavior of PS-b-PB films on corrugated SiCN 
substrates (Figure V.1d and Figure V.4) with the surface undulations which match the 
characteristic dimensions of the terraces (corrugation amplitude A~ tens of nm and 
corrugation wavelength λ (period) ~ order of µm).  
These SiCN substrates are obtained by a facile replication process using non-
lithographic PDMS masters with regular periodic patterns on several mm2–scales and are 
resistible to high temperature and most of the solvents which enables block copolymer 
processing via thermal- or solvent-annealing. The dimensions of the corrugated ceramic 
structures depend on the dimensions of the PDMS master as wells as on unavoidable 
shrinkage of the precursor material during the pyrolysis step. A detailed characterization 
of corrugated SiCN ceramic substrates replicated using PDMS masters has been reported 
earlier.143  
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Figure V.4: Schematic illustration of the substrate topography, the deposition of a homogeneous 
block copolymer film, and the development of thickness gradient in the film upon thermal 
annealing. Note that the height profiles on the right are measured cross-sections from SFM height 
images. 
 
V.2.1 Phase Behavior on Strongly-Interacting Corrugated Substrates  
Figure V.4 illustrates the sample preparation on corrugated substrates. The procedure 
includes a transfer of the spin-coated films via floating from mica to a water surface, then 
deposition onto the wrinkled ceramics followed by thermal annealing under vacuum. The 
floated block copolymer film completely adheres to the corrugated substrates so that the 
corrugations amplitude and wavelength exhibit no considerable changes. (Note that the 
height profiles in Figure V.4 are real cross-sections from SFM height images). In contrast, 
thermal annealing significantly reduces the corrugations amplitude due to the flow of the 
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polymer melt into the grooves (Figure V.4). Such redistribution of polymer material is in 
agreement with earlier studies of block copolymers on corrugated patterned 
surfaces.107,170,171 
The microphase separated behavior of the samples prepared in the above way has 
been studied with SFM. Figure V.5a,b displays the topography and phase images of a 24 
nm-thick PS-b-PB film (an initial spin-coating thickness on mica substrate) before the 
thermal annealing on the corrugated substrate. The initial corrugation amplitude (74 ± 3 
nm) is slightly reduced after the adhesion of the film (67 ± 3 nm) (inset in Figure V.5a) 
presumably due to a slight elastic deformation of the PS-b-PB material. The phase image 
in Figure V.5b shows a disordered microphase separated structure which is a typical 
pattern after spin-coating. This confirms that the floating and adhesion steps do not affect 
the microphase separation. 
Figure V.5c-e presents the phase behavior after the annealing on the corrugated 
substrate. The corrugations in the height image (Figure V.5c) have sharper edges as 
compared to the non-annealed film (Figure V.5a) due to the flattening of the film in the 
valleys (as seen from the cross-section of the corrugation profile in inset in Figure V.5c). 
The amplitude of the profile is reduced to 24 ± 2 nm. As seen in Figure V.5d, the initially 
disordered pattern developed after annealing into a sequence of distinct morphologies 
which follow the topography of the substrate. A featureless white pattern which is 
attributed to the PS sheet of the in-plane L phase (Figure V.5e) is generated in the valleys 
of the corrugations, while the white (PS) lying cylinders (C║) are confined to the hills. 
This former cylinder phase is clearly distinguishable by the width of the white stripes 
from the stripped pattern at the curved side walls, i.e. at transition film thickness. The two 
striped structures (which have the same spacing between the next neighboring white 
stripes within the measurement resolution) are separated by a narrow region of the PL 
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structures. We tentatively attribute the narrow white stripes to standing lamellae (L⊥) or 
distorted cylinders (DC║) phases. The sketch in Figure V.5e tentatively relates the 
observed morphologies to the thickness modulation in the annealed film. Remarkably, as 
a result of the sequencing, the topographic pattern appears on the phase image with a two-
fold multiplication (Figure V.5c,d) which implies the potential of our approach towards 
creating a chemically and topographically patterned surface. 
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Figure V.5: SFM height (a,c) and phase (b,d,e) images of a 24 nm-thick PS-b-PB film (initial 
thickness after spin-coating on mica substrate): after deposition via floating onto a corrugated 
SiCN ceramic substrate (a,b) and after thermal annealing at 120 °C for 18 h (c-e) with the 
corresponding sketch showing a presumable assignment of the patterns to a particular morphology 
and film thickness. (f) Optical microscopy image of the film. Insets in (a) and (b) show cross-
sectional height profiles along the indicated white dashed lines. 
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Figure V.5f shows an optical microscopy image of the annealed film where 
topographic features of the underlying substrate are visible. A striking result is the 
absence of the macroscopic patterning of the block copolymer film surface, i.e. the 
suppression of the terrace formation. This issue will be discussed in detail later. 
Shown in Figure V.6 is the morphological behavior of PS-b-PB films with a 
thickness of 40 nm (a,b) and 70 nm (c,d) which have been annealed on the corrugated 
substrates with similar characteristics as those in Figure V.1d and V.5. Both thicknesses 
are incompatible with the characteristic microdomain dimension. In both films basically 
the same sequence of structures (Figure V.6b,d) as in the 24 nm-thick film (Figure V.5) is 
observed. The tiny differences in the morphological behavior, such as the precise position 
of the phase boundaries (the width of the stripes of each phase) and the phase 
identification (L⊥ versus DC║) are currently under detailed investigation and go beyond 
the scope of the present work. 
Insets in Figure V.6a,c display the cross-sections of the films after annealing. The 
corrugations amplitude is reduced from values of 64 ± 6 nm and 85 ± 6 nm after the films 
deposition to 24 ± 2 (Figure V.6a) and to 28 ± 3 nm (Figure V.6b), respectively. 
Importantly, the formation of terraces on corrugated substrates is also suppressed for 
these film thicknesses. We note that for all studied films the residual amplitude is in the 
range of 24-30 nm which is very close to the intrinsic terrace step height in PS-b-PB films 
when they are thermally treated on flat substrates (Figure V.1c). 
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Figure V.6:  SFM topography (a,c) and phase (b,d) images of a 40 nm-thick (a,b) and of a 70 nm-
thick (c,d) PS-b-PB film annealed on corrugated ceramic substrates at 120 °C for 18 h. Both 
thicknesses indicate the initial thickness of the films spin-coated on mica. Insets in (a) and (c) 
show cross-sectional height profiles along the indicated white dashed lines. 
 
Figure V.7 shows a cross-sectional transmission electron microcopy (TEM) image of 
a thermally annealed PS-b-PB film with a nominal thickness of 70 nm (as in Figure 
V.6c,d). It is clearly seen, that the thickness of the film varies exactly between a 
minimum of 46 nm on the hills and a maximum of 86 nm in the valleys of the 
corrugations. However, the precise determination and assignment of the number of layers 
in the valleys and on the hills is only possible when the internal structure through the film 
is identified, since the interlayer period increases with the structure transformation from 
the cylinder phase to the PL phase and to the L phase.80 
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Figure V.7:  Cross-sectional TEM image of PS-b-PB film with 70 nm (initial spin-coating 
thickness on mica substrate) on corrugated SiCN ceramic substrate after thermal annealing at 120 
°C for 18 h. 
 
V.2.2 Phase Behavior on Weakly-Interacting Corrugated Substrates 
Neutrality of the block copolymer components to the substrate surface has been 
introduced by a thin carbon layer which was evaporated on the corrugated as well as on 
flat SiCN substrates. On weakly interacting carbon substrates, PS-b-PB exhibits 
asymmetric wetting conditions with the PB block at the free surface and no enthalpic 
preference for the components at the substrate. On flat carbon-coated substrates the 
morphological behavior is generally similar to that in bulk.80 In order to satisfy the 
substrate neutrality, a bottom layer of half cylinders is stabilized on flat substrates, and all 
the following cylinder layers are aligned parallel to the film plane. The only phase 
transition from the bulk C║ morphology to the PL phase was observed around 1.5 layers-
thickness in the areas with the minor thickness variation.80  
Figure V.8 displays the microphase separation behavior of a 40 nm-thick film which 
has been prepared on a carbon-coated corrugated SiCN substrate in accordance with the 
procedure shown in Figure V.4. The initial corrugation amplitude of the SiCN substrate is 
insignificantly reduced after the coating with carbon layer and with the polymer film 
(inset in Figure V.8a). The phase image in Figure V.8b shows a disordered microphase 
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separated pattern before thermal annealing which is the same as after floating onto the 
bare SiCN surface.  
The phase behavior of the annealed samples on corrugated carbon-coated substrates 
is presented in Figure V.8c-f. The in-plane C║ phase is observed in thinned parts of the 
film on the hills. In addition, the non-bulk L phase appears in the valleys (Figure V.8e,f). 
In this case, the pattern multiplication is not achieved in the phase image (Figure V.8e,d). 
The phase behavior in a thinner film (with 24 nm thickness) on carbon-coated 
corrugations exhibits the same sequence of morphologies which consists of alternating C║ 
phase (with single PL patches) and lying lamellae L phase (Figure V.9). However, the 
development of the L phase on corrugations is a newly observed feature as compared to 
the behavior on flat carbon-coated substrates. Although the in-plane L phase with the PB 
sheet at the free surface satisfies the wetting condition, the non-bulk morphology is an 
excited state which presumably is a consequence of the confinement induced by the 
corrugations.  
Figure V.8g presents an optical microscopy image of the annealed film. Similar to 
the strongly interacting SiCN ceramic corrugated substrates, the terrace formation is 
suppressed by the carbon-coated corrugations. Following this low-cost procedure, 
macroscopically structured surfaces with chemically patterned topographical channels 
could be produced.  
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Figure V.8:  SFM topography (a,c) and phase (b,d,e,f) images of a 40 nm-thick PS-b-PB film 
(initial spin-coating thickness on mica substrate): after floating onto a carbon-coated corrugated 
SiCN ceramic substrate (a,b); after thermal annealing at 120 °C for 18 h (c-f) and the optical 
microscopy image of the film (g). Insets in (a), (c) show cross sectional height profiles along the 
indicated white lines. 
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Figure V.9:  SFM phase images of PS-b-PB film with 24 nm (initial spin-coating thickness on 
mica substrate) floated onto carbon-coated corrugated SiCN ceramic substrate after thermal 
annealing at 120 °C for 18 h: (a) topography and (b) phase image of BCP film on carbon-coated 
corrugated SiCN ceramic substrate before thermal annealing, (c) topography and (d) phase image 
of BCP film on carbon-coated corrugated SiCN ceramic substrate after thermal annealing, (e) 
phase image of BCP on hill and curved side walls of the carbon-coated corrugated SiCN ceramic 
substrate after thermal annealing, (f) phase image of BCP on curved side walls and valley of the 
corrugated SiCN ceramic substrate after thermal annealing. The inset in (a), (c) shows cross 
sectional height profiles along the lines indicated. 
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V.2.3 Guided Terrace Formation in Thin Films on Substrates with Gradient of 
 the Corrugations 
An important insight regarding the role of the corrugation geometry in suppressing the 
terrace formation was derived from the analysis of PS-b-PB films which have been 
annealed on ceramic substrates with gradient of the corrugations. Figure V.10 presents 
optical microscopy and SFM images of a thermally annealed 24 nm-thick PS-b-PB film 
on a wrinkled substrate with the corrugation amplitude A changing in the range from 55 
nm to 16 nm, and the corrugation wavelength λ changing in the range from ca. 1000 nm 
to ca. 700 nm (Figure V.10a). We note that as the wrinkles are produced by relaxation of 
a stretched and surface-oxidized PDMS stamp where both the wrinkles’ amplitude and 
the wrinkles’ wavelength depend linearly on various parameters of the PDMS stamps 
(e.g. elastic moduli, silicon oxide film thickness), they cannot be varied independently 
from each other.49 As seen in Figure V.10b-g, both the ordering of the microphase 
separated structures and terracing of the film surface are related to corrugations 
dimensions. As compared to well-structured and terrace-free PS-b-PB films on the 
corrugations with A≈55 nm and with λ≈1010 nm which have been extensively described 
above (Figure V.5,6,7 and V.10b,e), the directing effect of the corrugations diminishes 
with decreasing A and λ. As soon as the surface relief structures (terraces) are allowed to 
be formed (Figure V.10c), the sequencing of the microphase separated patterns is 
significantly less pronounced. As seen in Figure V.10f, the C║ phase and the PL phase 
alternate with interruptions, while the L phase has vanished completely. On smaller 
corrugations, terraces are built over the entire area (Figure V.10d), and the microphase 
separated structures are almost unaffected by the substrate topography (Figure V.10g). 
We note that on the latter corrugations the PS-b-PB films still show a thickness-
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dependent morphological behavior since the microstructures in the neighboring terraces 
are different (highlighted by white border lines in Figure V.10g). Since all gradient of the 
corrugations belong to one and the same substrate, we can exclude that the observed 
effects are affected by possible experimental perturbations related to the variations in the 
starting film thickness, or the floating and annealing processes which may slightly differ 
from one to another experiment. 
Since the variation in wavelength is inevitably accompanied with the variation in the 
amplitude, we used the roughness parameter qA/2, where q=2π/λ and A refers to the 
amplitude, to summarize the results. The corrugations in Figure V.10b,c,d are 
characterized by roughness parameters of 0.16, 0.09 and 0.07, respectively. We believe 
that the near equality of the surface roughness parameter (0.16) of the perfectly guiding 
corrugations (Figure V. 10d,e) with that of the ideally grating substrates (0.15)165 is 
accidental or a coincidence, since in earlier studies the roughness dimension were varied 
around the nm-range. We rather use this value to compare it with the geometry of the 
intrinsic surface relief structures of PS-b-PB films on flat substrates,80 i.e. with the step 
height H (ca. 25 nm) and the step width D (ca. 1 µm). The best fit to the perfectly guiding 
corrugations is obtained with 2πH/D (0.15). This result, on one side, gives a quantitative 
measure for the targeted fabrication of corrugations which eliminate the surface relief 
structures, and on the other side suggests that the formation of sequenced patterns is a 
consequence of the “inverted terrace formation” under confinement by substrate 
corrugations.  
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Figure V.10: (a) Cross sectional height profiles of the areas with gradient of the 
corrugations. (b-c) Optical microscopy and (c-g) SFM phase images of a 24 nm-thick PS-
b-PB film which has been floated onto the SiCN ceramic substrate with gradient of the 
corrugations and thermally annealed at 120 °C for 18 h. 
 
V.3 Conclusions 
We have demonstrated a facile and simple route to achieve sequenced patterns from 
microphase-separated structures in block copolymer films. For the guided block 
copolymer assembly we used structured corrugated SiCN ceramic substrates which were 
fabricated by a facile replication process using non-lithographic PDMS masters. 
Homogeneous block copolymer films have been floated onto to the corrugated substrate 
without significant changes to the corrugations topography. After thermal annealing, the 
polymer material is redistributed between the hills and grooves of the corrugations. As a 
consequence of the thickness-dependent morphological behavior, the block copolymer is 
guided into sequenced patterns of alternative cylinder-, perforated lamella- and lamella 
phases which follow the topography of the substrate. On strongly interacting 
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corrugations, the phase pattern appears as a two-fold multiplication of the initial 
topographic pattern. The position of the morphological boundaries, as well as the stability 
of non-bulk morphologies are shown to be dependent on the film thickness, dimensions of 
the substrate corrugations and on the surface fields at the substrate. An important result is 
the suppression of the macroscopic roughening of the film surface (of terrace formation) 
so that the resulting microphase separated patterns are free from the surface relief 
structures within macroscopically large areas. This phenomenon is attributed to the 
formation of inverted terraces when the substrate topography matches the dimensions of 
freely formed (on flat substrates) steps between neighboring terraces. Our approach 
demonstrates an effective synergism of external confinement and internal polymorphism 
of block copolymers towards complex hierarchically structured patterned surfaces. 
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VI Ordering of Block Copolymer Cylindrical Domains on Corrugated 
Substrates 
VI.1 Introduction  
Self-assembled nanostructures in thin films of block copolymers have been intensively 
studied over the past decades because of novel behaviors not found in bulk systems due to a 
direct result of confinements and surface fields.67,69,70,149 Asymmetric cylinder-forming block 
copolymers have been shown to form a rich variety of ordered microdomain structures which 
deviate from the corresponding bulk morphologies.71,75,159 Although it is relatively well 
understood for tuning the particular morphologies, one of the biggest drawbacks is poor long-
range ordering of microphase separated structures because of small grain sizes and a high 
density of defects which limit technological applications of the block copolymer materials. 
Thus, macroscopically uniform orientation and long-range ordering are an issue of high 
interest.103,106   
A range of external and internal fields have been utilized to generate macroscopically 
uniform orientations and long-range lateral ordering of the structures in thin block copolymer 
films. The use of chemically or topographically patterned substrates enables control over the 
long-range ordering of the self-assembled microdomains,94,102,104,160,161 however, the substrate 
patterns should be critical dimensions an order of magnitude or larger than the block 
copolymer period and should be fabricated by lithography methods. Another strategy without 
templating to improve the ordering is by controlled solvent annealing.173-175 Solvent annealing 
has been recognized as an effective tool in order to rapidly equilibrate and to control the 
surface structure in films of block copolymers. The enhanced mobility of a swollen block 
copolymer film in a solvent vapor compared to polymer melts via thermal annealing results in 
lager grains through a rapid annihilation of classical defect such as dislocations and 
disclinations.74  
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Very recently, topographically corrugated SiCN ceramic substrate fabricated by a non-
lithographic process could be used to directly guide self-assembly of cylinder-forming 
polystyrene-block-polybutadiene (PS-b-PB) diblock copolymer.172 A polymer film 
homogeneously floated onto a corrugated substrate was guided into sequenced patterns as a 
consequence of a regular modulation in film thickness during thermal annealing. This 
phenomenon is attributed to the formation of inverted terraces which match the substrate 
topography. However, the in-plane cylinders confined to the hills of the corrugation exhibit a 
high density of topographical defects and small grain sizes due to a poor chain mobility of the 
polymer on the strongly interacting SiCN ceramic substrate.  
In an earlier study a non-uniform film thickness is created by spin-coating polymer 
solutions directly onto the corrugated substrates.162 The thickness of the polymer films in the 
trench regions is larger than that of the films on the mesa due to capillary forces during spin-
coating and film formation. Thus, the annealing process induces microphase separation of the 
block copolymer films. Despite extensive research on thin film structures of block copolymer 
on patterned substrates, a comparative study on starting film with a uniform and a non-
uniform thickness has not been published so far. 
In this work, we first compare the morphological behavior in thermally annealed cylinder-
forming PS-b-PB thin films starting with a uniform and a non-uniform thickness onto the 
corrugated surface. Furthermore, the degree of ordering affected by volume of material 
transport into grooves induced by the formation of inverted terraces is discussed. Next, we 
show the phase behavior of the polymer films annealed in an atmosphere of well-controlled 
solvent vapor both on a planar and on a corrugated substrate.  
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VI.2 Results and Discussion 
Earlier studies on phase behavior of asymmetric cylinder-forming block copolymers 
showed a structural polymorphism in thin films including deviations from the corresponding 
structure in bulk. The structural behavior has been shown to be dependent on surface fields 
and slight thickness gradient.75,80 The phase behavior in thin films of cylinder-forming PS-b-
PB melts has been intensively studied in the past.80 On a strongly-interacting substrate the 
thickness-induced phase transition from in-plane cylinders (C∥) and non-bulk perforated 
lamella (PL) to lying lamella (L) phases strongly depend on the local film thicknesses. Using 
a thickness-dependent morphological behavior, sequenced patterns of microphase separated 
structures have been achieved on a topographically corrugated substrate.172 The polymer films 
with a uniform thickness spanning the whole corrugated surface allow the reproducible 
sequencing of the morphological patterns. 
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Figure VI.1: SFM topography (a - d) and phase (e, f) images of equilibrated 24 nm thick PS-b-PB 
films prepared by floating (a, c, e) and spin-coating (b, d, f): after film transfer via floating onto a 
corrugated SiCN ceramic substrate (a) and subsequent thermal annealing  at 120 °C for 18 h (c, e), 
after adhesion via spin-coating onto a corrugated SiCN ceramic substrate (b) and subsequent thermal 
annealing at 120 °C for 18 h (d, f). Inserted boxes with black lines in (e) and (f) indicate enlarged 
images shown below. 
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The microphase-separated behavior of the samples starting with a uniform film thickness 
has been studied with a SFM. Figure VI.1a,c,e displays the topography and phase images of a 
24 nm thick PS-b-PB film (an initial spin-coating thickness on a mica substrate) before- 
(Figure V.1a) and after the thermal annealing (Figure VI.1c,e) on the corrugated substrate. 
The corrugated ceramic substrate has a wavelength of 1697 ± 34 nm and an amplitude of 74 ± 
3 nm (not shown here). The initial corrugation amplitude shows a slightly reduced value (67 ± 
3 nm) (inset in Figure VI.1a) after film transfer via floating presumably due to a slight elastic 
deformation of the PS-b-PB material, however, the film has an almost uniform thickness 
(Figure VI.1a). The topography image in Figure VI.1c shows a significantly reduced 
corrugation amplitude (24 ± 2 nm) after thermal annealing due to the flow of the polymer 
melt into the grooves. Thus, the residual amplitude via redistribution of polymer material is 
very close to the intrinsic terrace step height in PS-b-PB films when they are thermally treated 
on flat substrates. This phenomenon is explained by the formation of inverted terraces when 
the substrate topography matches the dimensions of steps between neighboring terraces on a 
planar substrate. We note that the observed behavior is in agreement with our previous 
study.172 
Figure VI.1b,d,f presents the phase behavior of the polymer film starting with a non-
uniform thickness (but prepared by same spin-coating conditions) on the corrugated substrate. 
The spin-coating leads to significantly reduced amplitude (19 ± 1 nm) due to interplay 
between surface tension and van der Waals interactions which typically flattens the polymer 
film (Figure VI.1b).176,177 The polymer film prepared by spin-coating exhibits no considerable 
changes of the residual amplitude after thermal annealing (16 ± 2 nm) as shown in Figure 
VI.1d. This confirms that polymer films with a non-uniform thickness slightly flew into the 
grooves during thermal annealing. We note that the corrugation amplitude (19 ± 1 nm) with a 
non-uniform thickness after film adhesion is already close to the intrinsic terrace step height 
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in PS-b-PB films thermally annealed on planar substrates, thus, the flow of the polymer melts 
into the grooves is limited in order to match the dimensions of residual amplitude with the 
intrinsic terrace step height. While a polymer film with a uniform thickness is developed into 
a sequence of distinct morphologies with a 2-fold multiplication after thermal annealing 
(Figure VI.1e), the pattern multiplication is not achieved in annealed polymer films starting 
with a non-uniform thickness (Figure VI.1f). The phase behavior in the film basically exhibits 
a sequence of morphologies, however, a fine coexistence of C∥, PL and L is only observed in 
thinned films confined to the hills. These morphologies indicate a poor mobility of the 
polymer film at the polymer-substrate interface due to the strong pinning of the majority PB 
block to the SiCN ceramic surface as well as the almost neglectable volume of material 
transport into the grooves. 
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Figure VI.2: SFM topography (a, c) and phase (b, d) images of a 70 nm thick PS-b-PB film prepared 
by floating (a, b), spin-coating (c, d) and subsequently annealed on corrugated SiCN ceramic 
substrates at 120 °C for 18 h. Both thicknesses indicate the initial thickness of the films spin-coated on 
a mica and a ceramic substrate. Insets in (a) and (c) show the cross-sectional height profiles along the 
indicated white dashed lines. 
 
Figure VI.2 shows the morphological behavior of 70 nm thick PS-b-PB films thermally 
annealed on the corrugated substrates. The film with a uniform starting thickness (Figure 
VI.2a,b) shows similar value of corrugation amplitude (28 ± 3 nm) as in the case of the 24 nm 
thick film (Figure VI.1a,c,e) as well as the same coexisting patterns of in-plane lamella and 
laying cylinders with no signs from the orientational effect of the substrate corrugations. 
However, in film starting with a non-uniform thickness a morphologically undefined 
disordered phase is appeared in polymer film on corrugation (Figure VI.2d). We tentatively 
attributed the observed morphologies to insufficient material transport into the grooves due to 
absence of driving force induced by the formation of inverted terraces.  
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Figure VI.3: SFM topography (a, b) and phase images (c, d) of a 24 thick (a, c) and of a 40 nm thick 
(b, d) PS-b-PB film annealed on planar silicon oxide substrates under 70 % of the saturated toluene 
vapor pressure. The sketches between the height and phase images illustrate the terraces and show 
each thickness.  
 
In earlier studies a high degree of long-range ordering and well-separated PL and C‖ 
structures in cylinder-forming PS-b-PB films was shown via enhanced mobility of the 
polymer chains by controlled solvent annealing.74 Figure VI.3a,c show the SFM topography 
and phase images of surface structures of a 24 thick PS-b-PB film on a silicon oxide substrate 
after solvent annealing. The PL phase appears in the first terrace T1 (12 ± 2 nm) and C∥ 
structures are found in the second terrace T2 (29 ± 3 nm) (Figure VI.2a) in a 24 nm thick film. 
A remarkable feature is the fact that PL structures instead of a morphologically undefined 
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disordered phase or in-plane cylinders (C∥) are observed, which are formed in ultra thin films 
or thin films with thicknesses below the domain spacing, respectively, by thermal annealing.80 
In addition, the lying lamella phase formed in islands of terraces by thermal annealing is not 
generated by solvent annealing. In contrast to microphase-separated structures induced by 
thermal annealing, the two morphologies (PL and C∥) are well-separated from each other and 
exhibit a higher degree of long-range ordering. We note that these findings are attributed to an 
enhanced mobility of the block copolymer chains under the given solvent annealing 
conditions. With increasing film thickness the surface features are again characterized by 
well-separated PL and C∥ (Figure VI.3b,d). Thus, we conclude that non-bulk PL structures are 
formed in ultra thin layers below characteristic domain spacing and well-ordered C∥ is 
achieved in films corresponding to the microdomain spacing. 
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Figure VI.4: SFM topography (a, c) and phase images (b, d) of a 24 thick PS-b-PB films annealed on 
corrugated SiCN ceramic substrates in 70 % of the saturated toluene vapor. Inset in (a) shows cross-
sectional height profiles along the indicated white dashed lines. Inserted boxes with black dashed lines 
in (a) and (b) indicate enlarged images shown below. 
 
Although sequenced patterns of PS-b-PB melts could be successfully achieved as a 
consequence of the thickness-dependent morphological behavior, the in-plane C∥ confined to 
the hills of the corrugation presents poor-range ordering with a high density of many 
topographical defects and small grain sizes (Figure VI.1), thus, we performed solvent 
annealing in order to improve degree of long-range ordering. Figure VI.4 displays the 
microphase separation behavior of a 24 nm thick film which has been annealed on a 
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corrugated substrate in accordance with the solvent annealing procedure as shown in Figure 
VI.3. The corrugations amplitude is reduced from a value of A ≈ 55 nm to ≈ 16 nm after 
solvent annealing (Figure VI.4a). This redistribution of polymer material is in agreement with 
earlier studies of block copolymers on corrugated substrates.107,170,171 The residual amplitude 
of the film is close to the intrinsic terrace step height when they are annealed on a planar 
substrate in solvent vapor (Figure VI.3 and Figure VI.4a). This confirms that the 
redistribution of polymer material is induced by the formation of inverted terraces, however, 
several noteworthy phenomena are observed. Previously, lying lamellae L phase has been 
observed in grooves during thermal annealing (Figure VI.1), but in this experiment, the 
polymer flow aligns the cylinders across the grooves (Figure VI.4b). Although the well-
separated PL and C∥ are developed in polymer films on a planar substrate as a consequence of 
the thickness-dependent morphological behavior and the annealed polymer film on 
corrugation has a thickness gradient, the thickness-dependent phase separation (pattern 
sequencing on corrugations) was suppressed via the confinement induced by the corrugations 
in the phase image (Figure VI.4b,d). The in-plane C∥ with a high degree of ordering is 
exhibited on the whole corrugated surface and few rings of the hexagonally PL phase as 
defect sites (dark dots) are observed (Figure VI.4c,d). However, the cylinders are not aligned 
along a preferred direction. This process demonstrates that the alignment of cylinders can be 
induced by solvent annealing beyond the volumes of the grooves. According to these results, 
this technique potentially can be extended to long-range ordering of nanoscale cylindrical 
domains.  
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VI.3 Conclusions 
The morphological behavior in thin films of cylinder-forming diblock copolymer on a 
corrugated substrate shows clear dependence on film preparation and annealing conditions. A 
uniform film thickness prepared by floating onto the corrugated substrate develops sequenced 
patterns consisting of alternative C∥, PL and L, however, poorly ordered sequencing (a fine 
coexistence C∥, PL and L as well as alternating C∥ and L) is generated in the polymer film 
starting with a non-uniform thickness. In addition, a morphologically undefined disordered 
phase is observed when the polymer film spin-coated onto the corrugated substrate is beyond 
confined volume of corrugation. These orderings are attributed to the very small volume of 
material transport into the grooves due to absence of driving force induced by the formation 
of inverted terraces. The block polymer films annealed on corrugated substrates in a 
controlled solvent vapor show a very pronounced cylindrical morphology throughout the 
whole substrate.  Further processing towards perfectly aligned cylindrical patterns of the 
block copolymer structures along preferred direction on corrugation via solvent annealing is 
currently under investigation. 
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VII Functional Templates via Self-Assembly of an ABC Triblock 
Terpolymer in Thin Films 
VII.1 Introduction  
The spontaneous formation of highly ordered functional surfaces and patterns via self-
assembly of block copolymers is a fascinating research area because of their potential in 
nanotechnological applications.67,178-180 While the representative microdomain structures in 
bulk are determined by relative length of the blocks and mutual interaction between the 
components, the phase behavior of the block copolymer in thin films is dictated by additional 
driving forces such as polymer-substrate interactions and the film thicknesses. In most studies 
on block copolymer thin films, binary system composed of two different materials have been 
investigated. For lamellae forming systems, any cross section parallel to a lamella exhibits the 
same symmetry, however, asymmetric cylinder-forming AB diblock copolymers exhibit 
structural polymorphisms in confined geometries.75,80 In addition, some effort has been taken 
to investigate phase behavior of cylinder-forming ABA triblock copolymers in thin films. 
Knoll et al. studied the surface morphologies of cylinder-forming polystyrene-block-
polybutadiene-block-polystyrene (SBS) triblock copolymer in thin films and they found that 
the general phase behavior is very similar to that of the asymmetric diblock copolymer films, 
such as stabilized non-cylindrical structures (non-bulk perforated lamellae and lamellae) in 
well-defined regions as well as a repeating sequence of structures with increasing film 
thicknesses.75,154 However, both phase diagrams differ in details such as position of the phase 
boundaries and the structures of the steps between terraces due to presumably the 
consequence of the molecular architecture effects such as larger molecular weight of the 
middle majority block and possible loops-versus-tails chain arrangement in the microphase 
separated domains of ABA triblock copolymers.71 
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While the cylinder forming AB diblock-/ABA triblock copolymers exhibit a structural 
variety in confined geometries, a complex diversity of structures is even observed in bulk of 
ternary systems (ABC triblock terpolymers) due to a significant increase in the number of 
involved interaction parameters.68,84,181 Krausch and coworkers have performed experimental 
works on polystyrene-block-poly(2-vinyl pyridine)-block-poly(tert-butyl methacrylate) (SVT) 
triblock terpolymers. They demonstrated that the systematic variations of one block (PtBMA) 
with respect to the other two blocks (PS and P2VP) could form a rich variety of structures 
including core-shell cylinders, a coexistence of core-shell gyroids, core-shell cylinders and 
perforated lamellae in the bulk.182 Additionally, rich morphologies in thin film of SVT 
terblock polymer could be achieved by particular preparation routes such as solvent-
selectivity and different solvent vapors.85,87,90 Ludwigs et al. have found further that 
microdomain structures in thin films of a SVT terblock polymer exhibit a pronounced 
dependence on the film thicknesses: from perpendicular and parallel cylinders (C⊥, C‖) to 
perforated lamellae (PL) as well as additional complex morphologies.91 The PL phase 
especially is a potential candidate for applications in lithographic masks and nanoporous 
membranes.86,183 Moreover, the PL structure was tuned into a pH-responsive layer via acid-
catalyzed hydrolysis of the ester moiety of the PtBMA component.184 
The exchange of rather brittle PS block against a rubbery PB component (we denote the 
polymer as BVT in the following) compared to SVT system could optimize the matrix 
properties and provide different morphologies and functionalities via yielding a more flexible 
system.108,184 Schacher et al. studied the complex nanostructured systems in the bulk of BVT 
with different volume fractions.108 They have selectively chemically addressed each segment 
of BVT and showed selective cross-linking of the PB domains in the bulk. The phase 
behavior in thin films of BVT has been assigned either to core-shell cylinders183 and standing 
three component cylinders which are distorted in shape under strong surface fields.185 
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However, these are partially confirmed results for BVT in thin films and there are no reports 
on thickness-dependent morphological behavior of the equilibrated BVT films. 
In this work, we report on novel and complex structural features of polybutadiene-block-
poly(2-vinyl pyridine)-block-poly(tert-butyl methacrylate) (BVT) triblock terpolymer in thin 
films annealed in a nearly saturated solvent vapor. With well-defined film thicknesses, 
microphase separated structures consisting of core-shell cylinders and perforated lamellae are 
developed. In earlier study the formation of tetragonally perforated lamellae, which consists 
of a central perforated PB lamellae, flanked by two perforated P2VP layers and not perforated 
PtBMA lamellae, from a same BVT terpolymer in the bulk state has been reported.110 In 
addition, PB formed a cylindrical core and the P2VP domains existed. The novel 
morphologies produced in thin films of BVT could potentially be used for creating functional 
polymeric membranes with tailored properties.  
 
VII.2 Results and Discussion 
To achieve equilibrated microphase separated structures with terraces in thin films of 
polybutadiene-block-poly(2-vinyl pyridine)-block-poly(tert-butyl methacrylate) triblock 
terpolymer, solvent annealing with a well-controlled and highly saturated solvent vapor is 
applied (In the following we denote the polymer as B22V29T49110 with the subscripts, 
representing the weight fractions of the respective blocks in weight %, whereas the 
superscript denotes the total average molecular weight in kg/mol). The assembly of 
microdomains at the microscale in thin films of block co-/terpolymers with macroscale 
surface roughening (terrace formation) could also be achieved upon thermal annealing, 
however, in thin films of high molecular weight block copolymers, such as used in this study, 
a high viscosity of the polymer films retards the dynamics of microdomain evolution.186  
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Figure VII.1: (a) Optical image of surface topography of a 47 nm thick B22V29T49110 film annealed on 
a silicon wafer substrate in an atmosphere of THF vapor for 23 h. (b, c, d) SFM topography, phase 
image and FE-SEM image of the same film, respectively. The white box inserted in (d) indicates a 
magnified view. The inset in (a) shows the area at the rim of the film and insets in (b) indicate the 
terrace numbers.  
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Figure VII.1 shows the macroscopic surface features (a), scanning force microscopy 
(SFM) topography (b) and phase image (c) of separated microdomains of a 47 nm thick 
B22V29T49110 film annealed in THF vapor on a planar silicon wafer substrate. The film surface 
forms the terraces with a uniform height difference (38 ± 5 nm) except in the areas close to 
the edges of the substrate as shown in inset (Figure VII.1a). As seen in Figure VII.1b and c, 
the microphase separated domains are represented by a well-ordered cylinder phase aligned 
parallel to the plane of the film (C‖) in thinner terrace (T1) and featureless areas which are 
characteristic of the lying lamella (L‖) phase or undefined structures in the thicker terrace 
(T2). The FE-SEM image in Figure VII.1d displays the large area of a 47 nm thick 
B22V29T49110 film after solvent annealing. The surface patterns are represented by dark lines 
between gray lines and slightly revealed spots (not shown in SFM images) in each terrace. 
The whole polymer surface is covered with a smooth layer of one component. We expect that 
lower and similar surface tensions of both PB (24.5 - 32.0 mN/m)187,188 and PtBMA (30.5 
mN/m)189 blocks induce the segregation to the free surface, while P2VP component is 
attracted to the silicon substrate because of highest surface tension (40.0 mN/m) and 
preferable interaction with silicon oxide.190 These are corroborated by previous investigations 
on B14V18T68165 microphase separation in thin films by Sperschneider et al.183,185 However, the 
surface cover layer is stable during the electron-beam exposure. Therefore, we conclude that 
the PB block must be located at the free polymer-air interface because PtBMA is the only 
block which can be decomposed upon electron-beam exposure.191 In earlier study on SVT 
terblock polymers PtBMA is the component that preferentially accumulates at the air 
surface.91,183 This difference can be explained by the surface tension of PB comparable to 
PtBMA as explained above.  
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Figure VII.2: SFM topography (a - c) and phase (d - f) images of a 47 nm thick B22V29T49110 film on a 
silicon wafer substrate: (a, d) after solvent annealing in an atmosphere of THF vapor for 23 h and 
subsequent short air plasma etching for 15 sec; (b, e) enlarged images of insets in (a, d) and (c, f) 
enlarged images of insets in (b, e). 
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In order to obtain further insight into the formed thin film microdomain structures, we 
performed short air plasma etching procedure resulting in a controlled ablation of the cover 
layer. The SFM images in Figure VII.2 display the clearly revealed structures beneath the 
cover surface, once the PB cover layer is completely removed as a result of plasma etching. 
As shown in Figure VII.2a, the etched film surface still exhibits a thickness variation (41 ± 2 
nm) and the phase image presents thickness-dependent separated patterns (Figure VII.2d). 
The microdomain structures in each terrace are clearly seen in magnified views in Figure 
VII.2b and e. The hexagonally well-arranged perforated lamellae (PL) phase is revealed in 
thicker film surfaces which are corresponding to undefined patterns indicated in T2 (60 ± 2 
nm) before plasma etching (Figure VII.1b, c). The PL structures have revealed protrusions 
(Figure V.2c) and are consisting of a soft compartment pore surrounded by a harder material 
and still exhibit a glassy core as seen in the respective phase image (Figure VII.2f).  
We assume that PtBMA block also tends to segregate to the free surface of the film and the 
polymer layer next to cover surface is terminated by a PtBMA layer due to low surface 
tension comparable to PB component. However, the film morphologies after plasma etching 
were not affected by UV exposure even though the PtBMA block can only be depolymerized 
upon exposure to the UV light. Therefore, we expect that both layers (PB and PtBMA) were 
removed upon plasma etching. Sheets of P2VP/PB/P2VP are perforated by channels of the 
majority component (PtBMA) which are connected between two outer layers of PtBMA, one 
of which is located at the below PB block on the surface. The wetting layer under PB block on 
the polymer surface is currently under detailed investigation. 
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Figure VII.3: SFM topography (a) and phase (b) image in thinner terraces (29 ± 2 nm) of B22V29T49110 
terpolymer film annealed on a silicon wafer substrate in an atmosphere of THF vapor for 23 h. 
 
With decreasing film thickness, a thinner film surface in T1 (29 ± 2 nm) reveals that 
parallel cylinders are developed into split cylindrical patterns (Figure VII.3a,b) because the 
middle component of cylinders corresponding to the PB block (dark color in the phase image) 
is rather removed by plasma etching than the glassy shell component. In earlier studies it is 
noted that the three polymer components (PB, P2VP, PtBMA) have a linear etching behavior 
with rates of -25, -11, and -77 nm/min, respectively.185 Therefore, we tentatively attribute the 
structures to core-shell morphologies which are consisting of PB core surrounded by P2VP 
shell. In addition, the core-shell cylinders are decorated by PL structures. Such development 
of thin film structures in thinner terraces is in agreement with the bulk morphologies of 
B22V29T49110 terblock polymer. 
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Figure VII.4: SFM topography (a, b) and phase images (c, d) of a 47 nm thick B22V29T49110 film 
annealed on a mica substrate in an atmosphere of THF vapor for 23 h: (a, c) polymer-air interfaces and 
(b, d) polymer-substrate interfaces. Insets in (a) and (b) show cross-sectional height profiles along the 
indicated white lines. 
 
We identify the polymer structures formed at the polymer-substrate interfaces by floating 
the thin films from the substrate.163 Figure VII.4 shows SFM topography and phase images of 
a 47 nm thick B22V29T49110 film on a mica substrate, which is composed of silicate layers, 
after solvent annealing as described above. The cover layer shows rather smooth surface 
consisting of PB component (Figure VII.4c) and thickness variation as seen in Figure VII.4a, 
however, the polymer-substrate interfaces consist of a wetting layer solely composed of P2VP 
as displayed in Figure VII.4b, d. This can be explained by the fact that the P2VP middle block 
tends to preferentially wet the polar substrate, while the PB compartment segregates to the 
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free surface.189 We additionally expect that the wetting layer next to the substrate is 
terminated by a PtBMA-rich surface, which can also attract PtBMA, due to the particular 
stoichiometry of the terblock polymer (49 vol % of PtBMA).91 
 
 
Figure VII.5: (a) SFM topography, (b) phase images of a 47 nm thick B22V29T49110 film annealed on a 
silicon wafer substrate in an atmosphere of THF vapor for 23 h and (c) SFM phase image after air 
plasma etching of the same sample. 
 
Despite the same experimental procedure, we were unable to reproduce the particular PL 
structures. For reproducible ordered microdomain structures, accurate control of the vapor 
pressure and sufficiently long annealing times are indispensable.91 Figure VII.5 shows the 
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surface structures of a 47 nm thick B22V29T49110 film annealed in an atmosphere of THF vapor 
as described above, however, the vapor pressure might slightly vary because of changes in the 
temperature and humidity of the environment. As shown in the SFM topography image in 
Figure VII.5a, surface reveals coexisting morphologies characterized by stripe and dot 
patterns on a rather smooth layer. The cover layer is also composed of PB as seen in the 
respective phase image (Figure VII.5b) and additional information of the underlying surface 
was obtained by short air plasma etching (Figure VII.5c). The microdomain structures are 
represented by core-shell stripes and dots, which we identify as core-shell cylinders oriented 
parallel and perpendicular to the film surface. However, we note that the PL morphology and 
terracing were not achieved in annealed polymer films. These observed structures and terrace 
absence are in agreement with previous studies.183 This difference might result from 
fluctuations in the vapor pressure during the solvent annealing process. Thus, we emphasize 
the importance of a well-defined sample preparation, however, we also expect that the 
equilibrated structures can be reproduced under well-controlled equilibrium conditions. 
 
VII.3 Conclusions 
We have investigated phase behavior in thin films of polybutadiene-block-poly(2-vinyl 
pyridine)-block-poly(tert-butyl methacrylate) (B22V29T49110) triblock terpolymer. Terraces 
with well-defined film thicknesses exhibit two distinct characteristic patterns after annealing 
in a controlled atmosphere of nearly saturated THF vapor: A rather featureless pattern which 
is identified as disordered phase or lying lamellae (L║) in thicker terraces (60 ± 2 nm) and 
parallel cylinders to the plane (C║) in thinner terraces (29 ± 2 nm), respectively. A PB layer is 
formed on the whole surface as it exhibits the lowest surface energy of the block components. 
With cover layer decomposition by air plasma etching, we found a hexagonally well-arranged 
perforated lamellae (PL) with a soft indentation embedded in a glassy matrix with a hard core 
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in thicker terraces, while the core-shell cylinders with a soft pore embedded in a hard 
component were also observed in thinner terraces. Both morphologies are considered to be 
attractive functional templates for nanoporous separation membranes and nanoparticle 
alignments.  
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IX Abbreviations  
AFM  Atomic force microscopy 
BCP  Block copolymer 
BVT  Polybutadiene-block-poly(2-vinyl pyridine)-block-poly(tert-butyl methacrylate) 
CA  Contact angle 
C‖  In-plane cylinder phase 
DC‖  Distorted cylinders 
EUV-IL Extreme-ultraviolet interference lithography 
FE-SEM Field emission scanning electron microscope 
IntP  Intaglio printing 
L  Lamella 
Lo  Microdomain spacing of block copolymers 
Ls  Period of patterns on template 
µCP  Microcontact printing 
MIMIC Micromolding in capillary 
NIL  Nanoimprint lithography 
NiPAAm/VCL N-isopropylacrylamide/N-vinylcaprolactam 
PB  Polybutadiene 
PDMS  Polydimethylsiloxane 
PEO  Poly(ethylene oxides) 
PEP  Poly(ethylene-alt-propylene) 
PFPE  Photocurable perfluoropolyether 
PGMEA Propylene glycol methyl ether acetate 
PL  Perforated lamella 
PMMA Polymethylmethacrylate 
IX Abbreviations 
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PS  Polystyrene 
PS-b-PB Polystyrene-block-polybutadiene 
PS-b-PEO Polystyrene-block-poly(ethylene oxides) 
PS-b-PEP Polystyrene-block-poly(ethylene-alt-propylene) 
PS-b-PMMA Polystyrene-block-polymethylmethacrylate 
PS-b-P2VP Polystyrene-block-poly(2-vinyl pyridine) 
PVSZ  Polyvinylsilazane 
RIE  Reactive ion etching 
SAM  Self-assembled monolayer 
SFIL  Step and flash imprint lithography 
SFM  Scanning force microscopy 
SiC  Silicon carbide 
SiCN  Silicon carbon nitride 
SVT  Polystyrene-block-poly(2-vinylpyridine)-block-poly(tert-butyl methacrylate) 
TEM  Transmission electron microscopy 
TMV  Tobacco mosaic virus 
VCL/AAEM  N-vinylcaprolactam/acetoacetoxyethyl methacrylate 
XPS  X-ray photoelectron spectroscopy 
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